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 Electronic stopping occurs when an energetic particle interacts with the electrons 
of a target material, causing charge exchange, excitation, and ionization of the atomic 
electrons and a corresponding energy loss for the impinging particle.  Charge exchange 
between the projectile and target, in the form of electron capture and electron stripping, 
is the dominant mode of energy transfer for low energy projectiles in the keV region.  In 
the case of protons in Helium gas, the difference between the ground state energy level 
of an ionized H atom and the first ionization energy of a Helium atom is large (11.0 eV), 
and so the process of electron capture is suppressed at very low energy.  This leads to 
a reduction in the stopping cross section near this threshold, and a resultant deviation 
from the velocity proportionality which is otherwise characteristic of this low energy 
regime. 
 The present work uses time-of-flight techniques to directly measure the stopping 
cross section of various target gases for the light ions H+, D+, and He+ using projectile 
energies between 2.4 – 22 keV/u.  Measurements are obtained using a low-energy 
linear accelerator fed by an RF ion source at the Colorado School of Mines Department 
of Physics.  System accuracy is checked with a projectile-target pair which has been 
well measured in the past using gaseous targets in the energy regime of interest (He+-
N2). Data is then accumulated for several projectile-target pairs (H
+-He, D+-He, H+-N2, 
D+-N2, H
+-Ne, D+-Ne, He+-H2, He
+-He, He+-Ne).  Results show that the stopping cross 
section of H+, D+ in He does exhibit a threshold effect for projectile energies lower than 
~20 keV/u.  This work provides an independent measurement of this interaction, for 
which we find only two previous data sets below the threshold energy, and whose 
results differ by an order of magnitude below 6 keV/u.  This work also provides 
measurements of several other projectile-target pairs for which there exist only limited 
experimental results in this very low energy regime, and provides experimental 
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 The effort to describe and measure the stopping powers of materials began 
shortly after experiments in 1896 led to the discovery of both the electron [1] and natural 
radioactivity [2], by J. J. Thompson and Henri Becquerel, respectively.  These new 
phenomena generated immediate interest in detecting the presence of radioactivity and 
subatomic particles.  Researchers required devices with which to capture or detect the 
presence of radioactive decay products, and so knowledge of how the decay products 
interacted with different substances was needed not only to build detectors, but also to 
provide adequate shielding from radiation for various purposes.  The natural radioactive 
sources being investigated produced radiation of several types, and the fundamental 
difference between charged particle radiation (alpha and beta rays) versus 
electromagnetic radiation (gamma and x-rays) was not immediately understood.  As 
understanding of the phenomenon progressed, it became clear that many radioactive 
decays were expelling energetic charged particles in addition to giving off high energy 
electromagnetic radiation, and the inquiry began into how energetic charged particles, 
specifically, are affected by traversing materials of various kinds.  The details of this 
interaction were considered to be crucial to the understanding of atomic structure [3].  
Early efforts focused on determining the stopping properties of air and other gases, 
along with thin films of solid material, while projectiles were generally limited to those 
available from naturally radioactive sources. 
 The earliest contributions to the theory of stopping power are generally credited 
to several publications including those by Bohr [4] [5], Bethe [6] [7], Livingston and 
Bethe [8], Bloch [9] [10], Fermi [11], and Fermi and Teller [12].  The first treatment of 
stopping power was published by Bohr in 1913, before the development of quantum 
mechanics, and his model was based on the classical concept of an impact parameter 
which required the positions of particles to be directly known.  This classical theory was 
adequate to explain many features of stopping power measurements, but the advent of 







simultaneously have a well-defined position, and so the concept of an impact parameter 
could never yield accurate results for a system in which quantum effects are present.  
Regardless of this limitation, the classical treatment by Bohr was successful in the early 
stages of investigation into stopping power, preceding a quantum mechanical 
description by 17 years during a time of rapid development in theory and acquisition of 
experimental data. 
 It was shown early on by Bohr that energy losses due to collision with the target 
nucleus would be very small compared to electronic stopping processes [4], and the 
study of stopping theory has since been devoted largely to the interaction between the 
projectile and the bound electrons of the target material.  The study of particles 
backscattered from target nuclei is a complex phenomenon which deserves much 
attention, but the influence on stopping power due to the target nuclei is small, even for 
the low energy regime considered in the present work. 
 The approach used by Bohr involves a heavy charged particle, with velocity  , 
and a charge equal to a multiple of the elementary electron charge,  , given by the 
atomic number   , interacting with a target electron by passing it at an impact 
parameter,  .  Bohr considered the target electrons as a collection of harmonic 
oscillators, in contrast with earlier, unsuccessful attempts that used a free electron 
model for the target electrons.  The Bohr approach assumes that the projectile velocity 
is large compared with the orbital velocity of the innermost bound target electrons, or 
that   >>  o, where  o is the Bohr velocity of the electron.  Therefore, this earliest theory 
of stopping does not address the energy regime concerning the present work – 
investigation into the stopping for slow projectiles (  <   ) did not begin until later, 
beginning in the 1940s with the work of Fermi [11] and Fermi and Teller [12]. 
 The non-relativistic form of the stopping power relation derived by Bohr can be 
written as:                                       
where: 
   =  Stopping power 







   = Path length traversed by projectile  
    = Atomic number of projectile 
   = Electron charge  
    = Electron mass  
   = Velocity of projectile 
   =  Atomic number density of target 
    = Atomic number of target 
   = Orbital frequency of electron  
 One of the main features of this relation is the dependence of stopping power on 
the inverse square of the projectile velocity.  The projectile velocity also appears in the 
logarithmic term, but the     term varies much more quickly than the logarithm, and so 
the former term dominates.  There is some variation between different authors on 
whether the stopping power is described as a negative quantity, and whether it is called      or the more abbreviated,  .  Regardless of whether a negative sign appears in a 
given equation, one can make proper calculations by knowing that the projectile energy 
is always decreased during a series of electronic stopping interactions. 
 There may also be some confusion regarding units, as there are several 
quantities that are commonly used in publications.  The definition of the stopping power 
above requires units of energy per unit distance (e.g., MeV/mm).  However, we 
commonly see the results of stopping power measurements in units of eV-cm2/1015 
atoms.  This is a quantity that is properly called the stopping cross section, and is 
calculated from the stopping power as follows:           
 We note that the negative sign has been absorbed into this definition, as the 
stopping cross section is always expressed as a positive quantity.  We can also define a 
third commonly seen quantity, which is similar to the stopping cross section, but uses 







where ρ is the density of the target material, in units of mass per unit volume.  This 
quantity is called the density stopping cross section, and is described in units of energy 
per unit aerial density (e.g., MeV-cm2/mg).  We will be mainly concerned with the 
stopping power,  , and the stopping cross section,  , and will adopt the convention that 
the former is negative, and the latter a positive quantity.  Thus, we will see a negative 
sign used to describe values of  , but no negative sign when describing  . 
 The first successful theoretical treatment of electronic stopping using a model 
based on quantum mechanics was completed by Bethe [6] in 1930, based on a 
treatment of the phenomenon using the newly available Born approximation method.  
This approach also assumes that the projectile is fast, or that its velocity is large 
compared with the Bohr velocity of the bound electrons in the target (  >>  o).  The 
resulting equation also shows a     dependence for high velocity stopping:                               
where the average ionization potential,    , as described by Bethe, depends on the 
atomic oscillator strengths,    , corresponding to the transition between states   and  , 
with angular frequency    .   
 This quantity can be calculated, in principle, and to assist in this we define a 
quantity called the stopping number:                                           
where: 
   = Stopping Number 
     = Oscillator strength for transition between states i and k 
     = Oscillator angular frequency for transition between i and k 
 The stopping number,  , is seen here as a dimensionless quantity proportional to 
the stopping power.  The definition of the stopping number varies through history as we 
see the development of stopping theory progress, but at this early stage, the stopping 







 A relativistic correction was added to the stopping power formula by Bethe in 
1932 [7], with the relation now showing additional terms:                                             
where   =    .  We note that this relation appropriately reduces to the non-relativistic 
form in the case of projectiles with velocity   <<   (where   ~ 0). 
 The calculation of the average ionization potential was a complex task for any but 
the simplest of atomic systems, and this problem was largely overcome by a 
simplification introduced by Bloch in 1933 [9].  Bloch reported that the average 
ionization potential could be described by a simple relation:          
 Here the quantity    is a parameter that is fit empirically, with results near 10 eV.  
The work of Bloch was also able to reconcile the areas of applicability of the classical 
approach by Bohr and the Bethe quantum formula as limiting cases of a more general 
formula [9], and we now commonly refer to the governing relationship as the Bethe-
Bloch stopping formula. 
 The Bethe-Bloch stopping formula describes stopping phenomena for fast 
projectiles very well, but Fano described additional correction terms including those 
describing the Shell Correction and Density Effect [13], resulting in the following relation 
(with   and   representing constants quantifying the respective effects):                                                    
 This relationship can be simplified if we define a constant,  , such that:            
and combine the relativistic terms into a separate function as:                           







 Additional corrections can also be made by expanding this formula in powers of   , so that the term in square brackets above becomes the lowest term in a series, 
written as follows:                                        
 If we call the quantity in brackets the Stopping Number,     , we can then write:                  
 The lowest order corrections (on the order of    ) are the ones we have 
mentioned above, including the shell correction and density effect, so that       is 
written as:                           
 This is called the primary stopping number, as it contains the largest corrections 
to the Bethe-Bloch formula.  The Barkas Effect results in a non-zero       term, and the 
Bloch Correction can be found in a non-zero       term – these effects vary with     and    , respectively [3]. 
 Everything we have described up to this point considers only projectiles of high 
velocity.  Efforts have been largely directed toward determining stopping powers in 
medium to high energy regimes, where most practical applications and scientific interest 
abound, although study has been devoted to different areas at different times, driven by 
the needs of the scientific community.  Ziegler lists several widespread applications of 
stopping power, chronologically from the 1920’s to the 1970’s, noting that the advent of 
nuclear fission, the application of ion implantation, and the practice of radiological 
oncology are among the areas of study which drove scientific interest in stopping 
phenomena during the past century [14]. 
 Fermi and Teller [12] were the first to arrive at a relation for the stopping power of 
slow projectiles (  <  o) by treating the target as a degenerate electron gas.  Bohr had 
used a harmonic oscillator model for the target electrons while Bethe used quantum 
mechanical plane-wave scattering, but in both cases the target electrons were 







target electrons as a plasma instead, which revealed energy loss mechanisms through 
dynamic polarization and the creation of plasmons in the target.  This model led to a 
relation for the stopping power of slow projectiles with an entirely different character; in 
this case the stopping power is found to be proportional to the projectile velocity, as 
opposed to the inverse square relationship characteristic for fast projectiles. 
 Further research was then aimed at investigating the electrodynamic interactions 
present within the target, with major contributions being made by Lindhard [15], 
Lindhard and Scharff [16], Neufeld and Ritchie [17], and Fano [18] during the 1950s.  
The work of Lindhard is often cited, as he developed a method which treats the 
impinging projectile as a perturbation in a free electron gas, and developed a 
relationship describing the interaction.  This description begins by using the Local 
Density Approximation, in which the stopping power can be written as follows:                        
where: 
   = Stopping interaction function 
   = Velocity of projectile 
     = Effective charge number of projectile 
   = Density of electrons in target 
    = Element of target volume 
 Lindhard derived the interaction function,       , as a complex function involving 
the available electron wave vectors, and the classical plasma frequency of the target.  
The Local Density Approximation then allows each infinitesimal volume in the target to 
be treated as an independent plasma, and the stopping power is found by integrating 
the contributions, weighted both by the density of the target in each volume element,  , 
and also by the interaction function,       .  In addition to an estimate of the effective 
charge of the projectile,    , a description of the density function of the electrons in the 
target is required.  Various atomic models have been used for the latter purpose, 
including the Thomas-Fermi model, the Lenz-Jensen model, the Hartree-Fock model, 







 Figure 1.1 summarizes the regimes of electronic stopping phenomena.  The data 
set shown is the electronic stopping cross section of He+ ions in He gas as obtained 
from the empirical description called Stopping and Ranges of Ions in Matter (SRIM) [20].  
The areas in which the high energy relations pioneered by Bohr and Bethe are valid can 
be seen on the right, and the regime of low energy as described by Fermi, Teller, and 
Lindhard are also visible on the left. 
 
 
Figure 1.1 Domains of low and high energy stopping power 
 
 Together with the fast projectile stopping relationships developed by Bohr and 
Bethe, the treatment by Lindhard along with use of the Local Density Approximation 
have provided the researcher with a comprehensive set of tools with which to 
























































formula, and slow projectiles (  <  o) exhibiting a linear dependence on velocity.  The 
linear velocity dependence for slow projectiles had been strongly established in both 
theory and experiment by the 1980s, at which point researchers began looking for 
departures in this behavior for the extreme limits of low energy stopping. 
 Fermi and Teller had noted that the linear dependence on velocity would not hold 
if there were a minimum energy required for energy exchange between the projectile 
and the target [12].  We refer to this minimum amount of energy transfer as the “energy 
gap”,   , and the resulting effect it has on reducing stopping power in the limit of low 
energy as the “threshold effect”.  Several authors [12] [21] [22] attempted to predict how 
the stopping power was related to the projectile velocity in the case of an energy gap, 
and at what projectile energy the threshold effect would manifest itself – this is a 
quantity we call the “threshold energy”.  Estimates for the threshold energy ranged from      to          , and predictions of a velocity dependence between    and    
have been suggested [23]. 
 The minimum amount of energy that can be imparted to a target electron,   , is 
often very small for most projectile-target pairs.  Heavy atoms have many electrons, the 
outermost having many mechanisms available through which small amounts of energy 
can be transferred (through excitations to higher orbitals, for example).  For the 
threshold effect to become apparent, we must choose a simple system which contains 
only few channels for energy loss, and one with a large energy gap. 
 An example of a system in which the threshold effect may become easily 
apparent is the interaction of protons in noble gases, such as Helium or Neon.  The 
bare proton has a highly desirable electron orbital unfilled, with a potential of -13.6 eV.  
The light noble gases have the highest first ionization energies of any elements, with the 
first ionization energy of He being -24.6 eV, and that of Ne being -21.6 eV.  If the target 
atoms are made of neutral noble gas atoms in their ground states, then these are the 
smallest amounts of energy that can be transferred through ionization.  Excitation of the 
target electrons can reduce the gap, as slightly smaller amounts of energy are required 
to excite the electrons into unfilled orbitals as opposed to freeing them entirely from the 
atomic nucleus.  However, the most probable method of energy loss in the low energy 







occurs when one atom loses a bound electron, and the electron ends up in a bound 
state attached to a different atomic nucleus.  From the point of view of the projectile, we 
call the acquisition of an electron “electron capture”, and the loss of an electron to the 
target material “electron stripping”. 
 In the case of protons in He gas, a bare proton can acquire one of the bound 
target electrons, and although this requires an amount of energy equal to the ionization 
energy to free the target electron, the electron then immediately gives up a large portion 
of this energy by falling into the 1s state of a newly created, neutral H atom.  It is only 
necessary, therefore, for the impinging proton to impart an amount of energy equal to 
the difference between the initial and final bound electron states; in the case of H+ in 
He, this is 11.0 eV.  We note that this is not the same for the inverse situation, that of 
ionized He+ atoms impinging on a neutral H2 gas – in this case, the electron capture 
process releases 11.0 eV, and there is no energy gap to overcome.  The energy 
required to complete the electron capture of a bound He electron by a passing H+ ion is 
shown in Figure 1.2.   
 
 






















 This depiction shows the electron being exchanged from the He atom on the right 
to the bare proton on the left, with an increase in 11.0 eV required for the transition to 
occur.  Recall that the proton is the ionized projectile in this case, and the neutral He 
atom is assumed to be at rest in its ground state. 
 In the case of a heavy particle colliding with a much smaller particle, such as an 
accelerated proton interacting with the much less massive electron, conservation of 
momentum imposes a maximum amount of energy transfer allowed during the collision.  
The largest amount of energy that can be lost by the heavy projectile is only a small 
fraction of its initial energy, as given by the relation:                 
where: 
       = Maximum energy imparted during collision 
    = Initial energy of projectile 
    = Mass of proton 
 We can see that the ratio of energy imparted to the initial projectile energy is on 
the order of the ratio of electron to proton masses, or roughly a factor of 1,836.  
Therefore, in order for a proton to impart 11 eV to a target electron and overcome the 
threshold described above, the proton will require an initial energy of at least ~20 keV.  
This is the proton energy below which one might expect to find evidence of a threshold 
effect in He gas. 
 The first researchers to pu lish e perimental evidence of a low energy threshold 
effect were  olser and Semrad, from the  nstitut f r E perimentalphysi , at  ohannes-
 epler- niversit t, in Linz, Austria [25].  This work used a time of flight experiment to 
measure the stopping cross section of He gas for both protons (p) and deuterons (d), 
down to 6 keV (3 keV/u in the case of deuterons).  The resulting set of data is pictured 
alongside the previously expected behavior (the solid line characterized by velocity 
proportionality) in Figure 1.3. 
 It is clear that a deviation from velocity proportionality is visible at projectile 
energies lower than the threshold energy, which is very near to the expected value of 20 








Figure 1.3 The first evidence of a threshold effect for H+ in He gas [25] 
 
 We note that Figure 1.3 shows the results for both protons and deuterons on the 
same chart, with the a scissa la eled “equivalent proton energy” and measured in units 
of keV.  Since the presence of a neutron in either the projectile or the target does not 
have an appreciable effect on the electronic stopping interaction, the results for proton 
and deuteron projectiles can be plotted together.  However, since it is the projectile 
velocity on which the stopping power depends, the results must be plotted by using the 







la eled instead as an “equivalent proton energy” and presented in  eV.   t can  e seen 
that the lowest proton energy used is 6 keV/u, while the lowest deuteron energy is 3 
keV/u. 
 Golser and Semrad continued their research by also measuring the stopping for 
protons and deuterons in H2 and D2 gases, as well as using He
+ projectiles in He gas 
[26].  These target-projectile pairs were not expected to exhibit a threshold effect, and 
indeed their behavior is seen in Figure 1.4 to be velocity dependent, as predicted for the 
case without a minimum threshold energy.  The results for protons and deuterons in He 











 Another case in which the threshold effect could be prominent is the stopping of 
protons in Ne gas.  The energy gap in this case is 8.0 eV, which is the difference 
between the ground state of H (-13.6 eV) and the first ionization energy of Ne (-21.6 
eV).  Due to momentum conservation for a heavy particle interacting with an electron, 
this corresponds to an e pected threshold effect near 1   eV u.    measurement of the 
stopping for protons in  e gas was pu lished  y Schieferm ller, Golser, Stohl, and 
Semrad in 1993 [27], which used the same experimental setup at  ohannes- epler-
 niversit t, in Linz, Austria.  This data only consists of three data points, and a 
threshold effect is not as evident when compared to the data for He gas.  More 
experimental data is therefore needed to fully characterize this interaction. 
 Only one other group has published an experimental measurement showing a 
threshold effect, and this used a different experimental setup at the Institut f r Physik 
mit Ionenstrahlen, Ruhr-Universit t Bochum, in Bochum, Germany.  Publications by 
Formicola et al. [28] and Raiola et al. [29] reported on the stopping cross section of 
deuterons in 3He gas by using the known energy dependence of the 3He(d,p)4He 
reaction yield [28].  The researchers reported results for deuteron energies down to 10 
keV (5 keV/u).  The final results of this work [29] are shown in Figure 1.5. 
 Note that the abscissa in Figure 1.5 uses the deuteron energy, which can be 
roughly converted to keV/u by dividing the energy by 2 (or more precisely by the atomic 
mass of the deuteron).  The results of Golser and Semrad are plotted in this graph as 
open circles, and we can see that the lowest energy plotted for that data set is at 6 keV.  
This correctly corresponds to the lowest energy plotted in Figure 1.3, which is 3 keV/u.  
 n addition, this figure refers to the ordinate as the “stopping power”, although the units 
are correctly given in those of a stopping cross section (i.e. 10-15 eV-cm2/atom).  It is 
clear that the open circles are plotted on the same scale as in Figure 1.4, and this 
ordinate also represents a stopping cross section.  It is common to see these terms 
used interchangeably, although we will consistently use the term stopping cross section 
to refer to a quantity which can be measured in units of 10-15 eV-cm2/atom (or 
equivalently, eV-cm2/1015 atom). 
 The data in Figure 1.5 also show a clear threshold effect for projectile energies 







reported by Golser and Semrad in the low energy limit.  For a projectile energy of 5 
keV/u, the difference between results is over an order of magnitude (1 x 10-15 eV-
cm2/atom reported by Golser and Semrad versus 0.05 x 10-15 eV-cm2/atom reported by 
Raiola et al.).  The authors also show the expected contributions from nuclear stopping 
interactions at low energies, although the two lowest energy data points show stopping 
cross sections which are lower than this expected limit as well. 
 
 
Figure 1.5 The results of the Bochum group for d in 3He gas; present work refers to 







 Figure 1.5 very clearly shows the discrepancy between the only known published 
experimental results which show a threshold effect for low energy electronic stopping 
cross sections.  The original work of Golser and Semrad [25] is captured in this graph, 
showing the first experimental evidence of a threshold effect.  Although further work by 
the Linz group [27] added some data for protons in Ne gas, the results for protons in He 
gas agree with the results shown above in Figure 1.4, and so these data sets are self-
consistent.  Likewise, although the publication by Formicola et al. [28] published only 
preliminary results, the measurements agree well with the subsequent paper by Raiola 
et al. [29], and so the data sets from the Bochum group are self-consistent as well.  
However, the results vary dramatically between the two groups. 
 Therefore, although two independent efforts were both able to show experimental 
evidence for the existence of a threshold effect, and both also agree with regard to the 
threshold energy (~20 keV/u), the two sets of measurements do not agree in terms of 
stopping cross section magnitude in the limit of low energy.  It is the intent of the current 
work to supply an independent measurement of the threshold effect for H+ in He gas in 
this low energy regime, confirming the existence of the threshold effect near 20 keV, 
and providing an additional data set to quantify the magnitude of the effect.  The results 
of this measurement are presented in the chapters below. 
 In the process of obtaining this primary measurement, we were also able to 
measure the low energy stopping cross section of various other projectile-target pairs in 
addition to H+-He, including H+-N2, H
+-Ne, He+-H2, He
+-He, He+-N2, and He
+-Ne.  We 
note that both Hydrogen and Deuterium were used in each of the pairs involving H+ 
projectiles, so that these pairs might more precisely be listed as p,d-He, p,d-N2, and p,d-
Ne.  The only isotope used for the He+ projectiles was 4He+. 
 Since both Hydrogen and Deuterium can form molecular bonds, one can produce 




+ projectiles with the proper system tuning.  In the current 
work, we used these molecular beams to achieve the lowest possible projectile velocity.  
We also note that since we are ultimately interested in quantities which depend on the 
projectile velocity, it is very useful to consider the projectile energy per unit mass 
instead of its energy directly.  The unit of keV/u, or energy per atomic mass unit, is 







 The measurement of stopping cross section at low energy is important for the 
extraction of nuclear properties from laboratory yield measurements, such as the 
reaction cross section of interactions relevant to nuclear astrophysics.  The magnitude 
of the uncertainty in the stopping cross section for H+ in He, along with the general 
scarcity of measurement data for low energy stopping cross sections, presents a 
significant difficulty when attempting to estimate the nuclear reaction cross section for 
interactions involving these nuclei.  The results presented in this work will help to lower 
the uncertainty in these reaction cross section measurements, which thereby influence 












 We begin a review of the available literature by discussing the compilation of 
stopping power tables used in a popular software application by Ziegler and Biersack 
called SRIM (Stopping and Range of Ions in Matter) [20].  This will give us an insight 
into the best current estimate of stopping powers for the targets in which we are 
interested, as this empirical description aims to incorporate the most recent 
measurements and theories available.  We will then examine in detail the experimental 
stopping power data gathered for each target-projectile pair of interest.  An excellent 
overview of this large data set is provided by the compilations of Paul [30].  Using this 
work, we can easily identify the small set of measurements that have been performed 
using the target-projectile pairs of interest, and in the energy regime we wish to explore. 
 This chapter culminates in the review of several publications by two research 
groups, one from  nstitut f r E perimentalphysi , at  ohannes- epler- niversit t, in 
Linz,  ustria, and the other from the  nstitut f r  hysi  mit  onenstrahlen, at  uhr-
 niversit t  ochum, in Bochum, Germany.  These publications present the only 
experimental results available for H+ in He gas below 10 keV/u. 
2.1 SRIM – The Stopping and Range of Ions in Matter 
 This simulation has been under development since 1985, when it was introduced 
as TRIM-8  (a description of the software development history is given in the “Version” 
file [20]).  The software went through several releases before it was renamed to the 
modern SRIM during the release of SRIM-91, and has again undergone several major 
releases between 1991 and the present day.  Throughout the past decades, this 
empirical simulation has presented the most complete set of expected stopping powers 
for a large number of target and projectile combinations.  The most current version of 
the software at the time of this writing is SRIM 2013.00, although all SRIM data 







are expected to exist between these two versions, as stated in the version description 
document for SRIM 2013.00 [20]. 
 The following sections contain a series of plots generated using SRIM, and serve 
as a good approximation of stopping powers for the target and projectile combinations 
of interest in the current work.  We begin with a short description of both H and He 
projectiles impinging on several low-Z targets, as given by SRIM.  All of the elements 
which will be used in the current work are gaseous at Standard Temperature and 
Pressure (STP) as defined by the National Institute of Standards and Technology 
(NIST).  Using this standard, STP is defined as a temperature of 20° C and a pressure 
of one standard atmosphere (1 atm = 101.325 kPa).  These gases include the 
monatomic noble gases He, and Ne, along with the diatomic gases H2, and N2.  We 
restrict our analysis to these gases only.  In modeling these low-Z targets as gases, the 
gas density is automatically adjusted by SRIM to the values shown in Table 2.1.  These 
are user-adjustable parameters within the simulation, but we will use the default values 
to create the figures shown below. 
 





1 H2 9 x 10
-5 
2 He 1.8 x 10-4 
7 N2 1.25 x 10
-3 
10 Ne 9.0 x 10-4 
 
 Figure 2.1 shows the results of executing SRIM-2012.03, estimating the 
electronic stopping cross section of several low-Z gaseous targets for Hydrogen 
projectiles.  Contributions from nuclear stopping arising from Coulomb repulsion 
(Rutherford scattering) are not shown in this graph. 
 It can be seen that each set of stopping cross section results produced by SRIM 
shown in Figure 2.1 has very similar features.  Each of the four curves exhibits a main 
peak within the same energy regime (near 50-100 keV/u), and the stopping cross 







magnitude of the stopping cross section varies roughly with   , the atomic number of 
the target atoms (the stopping cross section increases for heavier elements as expected 
from both classical and quantum theories). 
 
 
Figure 2.1 Electronic stopping cross section of H+ in several gases 
 
 Since the incident energy is proportional to the square of the velocity, evidence of 
proportionality between the stopping power and the projectile velocity over several 
orders of magnitude can most easily be seen on a log-log plot as a straight line with a 
slope of ½.  Figure 2.2 shows the above data plotted in log-log format, and with lines of 
velocity proportionality indicated by thin gray lines. 
 It can be seen that all elements plotted show a general trend of velocity 
proportionality for energies below 30 keV, with the exception that both He and Ne 
exhibit a visible departure between 2-20 keV.  The deviation for Ne is not as apparent 
as that of He, which can clearly  e seen in the region la eled “Threshold Effect” in 



























































empirical simulation, and there are only three experimental data points published for the 
stopping of H in Ne gas below 20 keV/u.  The threshold effect in He gas is very clear, 
and this is directly due to the experimental results published by both Golser and Semrad 
[25] and Raiola et al. [29].  We note that the electronic stopping cross section resumes a 
velocity proportional behavior below 2 keV/u, but here we must also consider nuclear 
stopping, which becomes significant below a few keV/u. 
 
 
Figure 2.2 Log-log plot of electronic stopping cross section of H+ in several gases 
 
 Figure 2.3 shows the SRIM results for the total stopping cross section (including 
both electronic and nuclear stopping effects) for H+ projectiles.  Nuclear stopping effects 
manifest themselves in a departure from velocity proportionality as well, as can be seen 
in varying degrees for all elements plotted below 1 keV in Figure 2.3.  The effects of 
nuclear stopping may be more apparent experimentally for H+ in He specifically due to 
the presence of the threshold effect.  For other projectile-target pairs, the electronic 























































easily discernible.  But for H+ in He gas, SRIM indicates that one might expect to see an 
inflection point in the curve as the incident energy decreases into the region marked 
“ uclear Stopping”. 
 
 
Figure 2.3 Total stopping cross section of H+ in several gases 
 
 To examine the effects of nuclear stopping, we study the case of H+ in He gas in 
more detail.  Figure 2.4 shows the electronic and nuclear stopping components 
separately for the stopping cross section for H+ in He gas, as determined by SRIM. 
 As the projectile energy is decreased into the regime below 1 keV/u, electronic 
stopping effects become less significant than nuclear stopping.  The total stopping cross 
section therefore increases for lower projectile energies until the nuclear stopping peak 
is reached (in this case near 0.05 keV/u), at which point the stopping cross section 
decreases again, vanishing in the limit of low energy.  Golser and Semrad reported data 
down to 3 keV/u for this interaction, and no nuclear stopping effects are yet evident at 
















































































































 Figure 2.5 shows the results of executing SRIM-2012.03, estimating the 
electronic stopping power of several low-Z gaseous targets for He+ projectiles.  
Contributions from nuclear stopping are not shown in this graph. 
 It can be seen that each set of stopping cross section results produced by SRIM 
shown in Figure 2.5 has very similar features.  Each of the four curves exhibits a main 
peak within the same energy regime (near 100-130 keV/u), and the stopping cross 
section vanishes in the limit of both low and high projectile energies.  We can also see 
that the magnitude of the stopping cross section varies roughly with the atomic number 
of the target atoms,   . 
 
 
Figure 2.5 Electronic stopping cross section of He+ in several gases 
 
 We can once again visualize proportionality between the stopping power and the 
projectile velocity as a straight line on a log-log plot.  Figure 2.6 shows the above data 




























































 It can be seen that the SRIM stopping cross section results show only small 
deviations from velocity proportionality for He+ projectiles.  The stopping cross section 
for He gas can be seen to deviate only slightly from velocity proportionality in the region 
between 20-50 keV/u, but these effects for He+ projectiles are much smaller than those 
exhibited for protons in Figure 2.3, and do not exhibit a threshold effect.  Once again we 
must consider that there are very few experimental data points available to characterize 
these low energy interactions empirically, and any experimental measurements 
obtained may not agree with these estimates. 
 
 
Figure 2.6 Log-log plot of electronic stopping cross section of He+ in several gases 
 
 To determine the presence of a threshold effect, it is sufficient to examine only 
the electronic stopping cross section at low energies, and we can see that there is no 
visible threshold effect for He+ in these four gases.  However, we must also include the 





















































 Figure 2.7 shows the SRIM results for the total stopping cross section of He+ 
projectiles, including nuclear stopping effects.  These results show that nuclear effects 
become the prominent method of stopping below roughly 2 keV/u for He+ projectiles in 
light gases.  There is no threshold effect evident for any of the four target gases plotted.  
This means that it will be more difficult to experimentally show evidence of nuclear 
stopping effects at low energies using He+ projectiles, because the electronic stopping 
interaction still dominates down to 2 keV/u, and the inflection point is much less 




Figure 2.7 Total stopping cross section of He+ in several gases 
 
 Figure 2.8 shows the electronic and nuclear components separately for the 
stopping cross section of He+ in He gas, as determined by SRIM.  
 As the projectile energy is decreased into the regime below 1 keV/u, electronic 



















































cross section increases for lower projectile energies until the nuclear stopping peak is 
reached (in this case near 0.05 keV/u), at which point the stopping cross section 
decreases again, vanishing in the limit of low energy.  In this case, we do not see any 
irregularities near the electronic stopping peak, as was the case for H+ in He shown in 
Figure 2.4.  The characteristics of the stopping cross section as a function of projectile 
energy shown in Figure 2.4 have features in common with the majority of results from 
SRIM, in that the nuclear stopping cross section is expected to exhibit a peak at low 
energy.  However, we must recall that there are very few experimental data available to 
guide expectations in the nuclear stopping regime. 
 
 
Figure 2.8 Electronic and nuclear stopping cross section of He+ in He gas 
 
2.2 Compilations of Paul 
 Helmut  aul, from  ohannes- epler- niversit t, in Linz, Austria, collected and 













































website featuring a compilation of the work of many authors [30].  We will examine a 
sample of these compilations as they apply to our projectile-target pairs of interest (H+ 
and He+ in H2, He, N2, and Ne gases). 
 Each of the compilations contain both theoretical works as well as experimental 
data obtained for a particular projectile-target pair.  The theoretical curves can be seen 
to improve as more data is accumulated through the course of years of research and 
experimentation.  Some of the data sets have relatively little scatter, but large 
uncertainties in the stopping cross section still exist for energy regimes in which little 
data has been collected. 
 We will next examine a series of figures which show the results of several 
theoretical works alongside the results of several experiments, all of which attempt to 
describe the stopping cross section for a given projectile-target pair, as presented in the 
compilations of Paul [30].  The theoretical curves are plotted by different line styles, and 
the experimental data are plotted using the letters of the alphabet, which also serve as a 
legend to the source of the data.  The range of experimental uncertainties for each set 
of measurements reported by the author are presented in the legend as well.  We will 
examine figures which show the stopping cross section of H+ projectiles in four target 
gases (H2, He, N2, and Ne), and a subsequent set of figures for He
+ projectiles in the 
same target gases. 
 Figure 2.9 shows a compilation of published theoretical and experimental results 
for the stopping cross section of H+ in H2 gas [30].  The current work does not provide 
data for the stopping cross section of H+ in H2 gas, but we will still examine the 
published data available for this pair, specifically to demonstrate that further 
measurement of this interaction is not necessary to achieve the goals of the current 
work. 
 The first of the theoretical curves listed in the interior legend is AZ77 [31], which 
is a well known text published by Andersen and Ziegler in 1977, and is indicated as 
equivalent to the Internal Commission on Radiation Units and Measurements (ICRU) 
Report 49, published in 1993.  It can be seen that the vast majority of the data plotted 
fits this theory very well, even extending into the range below 1 keV/u.  The next curve 







using SRIM 2003.10, and also agrees very well with all the data shown.  The final 
theoretical curve listed is Cab00 [33].  The majority of experimental data sets are 
consistent throughout all energy regimes, with the exception of one data set published 
by Crenshaw, 1942 [34].  We note that there exist several experimental data sets in the 
low energy regime, and that they show good agreement down to 1 keV/u.  Furthermore, 
we note that neither the theoretical curves nor the available experimental 
measurements indicate a threshold effect at low energy for H+ in H2 gas. 
 
 
Figure 2.9 Compilation of results (H+ in H2 gas) [30] 
 
 Figure 2.10 shows a compilation of published theoretical and experimental 
results for the stopping cross section of H+ in He gas [30].  There are several theoretical 
curves listed in the interior legend, the first of which is ICRU49.  This curve is indicative 
of the stopping cross section which was previously expected when the threshold effect 
was not modeled, as it was produced prior to the first publication of experimental 







 The ICRU49 curve overestimates the stopping power at low energy because it 
does not model a threshold effect, but otherwise it matches well with the rest of the 
theoretical curves above 30 keV/u.  ICRU49 does not show any features of a threshold 
energy, or a deviation from velocity proportionality in the lower energy portion of the 
curve, whereas we can clearly see this deviation reflected in the more recent works 
(GS93 [35], Kim93 [36], Oliv94 [37], Z03).   
 
 
Figure 2.10 Compilation of results (H+ in He gas) [30] 
 
 The most recent theoretical curve is Z03, whose data was obtained using SRIM 
2003.10.  Several of the theoretical curves agree well with Z03, with the exceptions of 
ICRU49, and Cab00 [33].  Cab00 also predicts a smaller stopping power below 20 
keV/u as compared with the other recent theoretical works (GS93, Kim93, Oliv94, Z03), 
by roughly an order of magnitude near 3 keV/u.  Cab00 agrees with the work of Raiola 







theory only treats protons without including the effects of neutral Hydrogen atoms as 
projectiles [30]. 
 The experimental results of Golser and Semrad (designated by K) [25] and 
Raiola et al. (designated by L) [29] can be seen on this graph, along with additional 
measurements published by Schiefermüller, Golser, Stohl, and Semrad (designated by 
M) [27].  These are the only sets of measurements for H+ projectiles below 10 keV/u.  
The measurements of Raiola et al. agree with the theoretical curve of Cab00 [33], and 
with the preliminary results of the same group published a year earlier by Formicola et 
al. [28].  The results of Golser and Semrad agree with Schiefermüller et al., which were 
made by similar sets of researchers using the same experimental setup, and also with 
the majority of theoretical predictions.  The current work provides data for this 
interaction between 2.4 – 21.5 keV/u. 
 Figure 2.11 shows a compilation of published theoretical and experimental 
results for the stopping cross section of H+ in N2 gas [30]. 
 
 







 There are four theoretical curves shown in this case, all of which generally agree 
across the entire energy spectrum, with the largest deviation being near 5-10 keV/u.  
The available experimental data are also largely consistent, with one notable exception 
in the low energy extreme which used a solid N2 target as opposed to a gas target.  The 
current work provides data for this interaction between 3.2 – 20.4 keV/u. 
 Figure 2.12 shows a compilation of published theoretical and experimental 
results for the stopping cross section of H+ in Ne gas [30]. 
 
 
Figure 2.12 Compilation of results (H+ in Ne gas) [30] 
 
 The curve labeled Z08 was produced using SRIM 2008.03, and it agrees with 
most of the data gathered to date.  The curve labeled SG11 shows theoretical 
predictions published by Schiwietz and Grande, 2011 [38], featuring an increased 
stopping cross section in the area of 10 – 20 keV/u when compared with other models.  
Only one set of measurements exists below 30 keV/u, published by the research group 







Schiwietz and Grande.  Although a weak threshold effect is visible in the SRIM data for 
this pair in Figure 2.3, there are not enough measurements to confidently describe the 
magnitude of this effect.  The current work provides data for this interaction between 3.4 
– 21.3 keV/u, where only one small set of measurements has been previously reported 
[27]. 
 We have concluded our examination of the set of compilations for H+ projectiles 
in four different target gases (H2, He, N2, and Ne), and we will now continue with an 
examination of the compilations for He+ projectiles in the same target gases. 
 Figure 2.13 shows a compilation of published theoretical and experimental 
results for the stopping cross section of He+ in both H2 and D2 gases [30]. 
 
 
Figure 2.13 Compilation of results (He+ in H2 gas) [30] 
 
 Note that the data plotted for He+ projectiles is shown with the abscissa in units 
of energy, or keV.  We will discuss the data within this section in units of keV for ease of 
understanding, but we will keep in mind that the units differ by roughly a factor of 4 (the 







 The first of the listed theoretical curves is NS70 [39], but this curve does not 
match either the data or the other theoretical curves in a sufficient manner.  Both Z77 
[19] and Z90 (obtained from an earlier version of empirical simulation created by J.F. 
Ziegler called TRIM90) show good improvement in accurately matching the 
experimental data, but  they overestimate the stopping power below roughly 200 keV.  
The remainder of the theoretical works are highly self-consistent, and also match the 
experimental data very well down to 40 keV.  We note that Z77, Z90, Z99, and Z03 are 
all works by J.F. Ziegler, where Z77 is a popular text published in 1977 [19], and the 
remaining three sources are different versions of the widely used TRIM and SRIM 
simulations.  The curve labeled ICRU49 is listed as equivalent to AZ77, which is a 
publication by H.H. Andersen and J.F Ziegler [31].  We note there is only one data set 
below 100 keV, and no data below 40 keV.  The current work provides data on this 
interaction between 15 – 22 keV (3.7 – 5.4 keV/u), where no previous experimental 
results are published. 
 Figure 2.14 shows a compilation of published theoretical and experimental 
results for the stopping cross section of He+ in He gas [30]. 
 The theoretical curves shown agree with each other to within the uncertainty of 
the available experimental data, with the only notable differences being below 100 keV 
where no data are tabulated, and near the main peak where the experimental data 
exhibit their largest variation.  We note that all of the theoretical curves listed are works 
involving J.F. Ziegler, including collaborations with H.H. Andersen, J.P. Biersack, and U. 
Littmark.  Most experimental data sets generally agree with each other, with the 
exception of the data set labeled H [40], but this data set also admits to having a 25% 
error.  We note that there are virtually no experimental data below 100 keV, and the 
results near this energy differ by up to 40%. 
 One set of experimental data has been accidentally omitted from Figure 2.14, 
which is the set of measurements published by Golser and Semrad in 1992 [26].  Their 
results comprise eight measurements between 8.8 – 15.6 keV (2.2 – 3.9 keV/u), with 
reported stopping cross sections between 3.7 – 4.5 eV-cm2/1015 atoms.  Although these 
data are not shown in Figure 2.14,  we will include them alongside the results of the 







22 keV (3.8 – 5.4 keV/u), where only one set of experimental data has been previously 
published (omitted in Figure 2.14). 
 
 
Figure 2.14 Compilation of results (He+ in He gas) [30] 
 
 Figure 2.15 shows a compilation of published theoretical and experimental 
results for the stopping cross section of He+ in N2 gas [30].  Although there is only one 
set of data below 40 keV, and no more than two additional measurements if we 
consider only data below 100 keV, we will use this projectile-target pair as a check of 
our system accuracy.  The magnitude of the stopping cross section is large for this 
case, providing for a reduced relative uncertainty, and although there are not many low 
energy experimental measurements published, the available theory and experimental 
results are consistent throughout the energy spectrum.  This provides us with a set of 
high confidence data in the energy regime of interest with which we can demonstrate 
the accuracy of our measurements.  The current work provides data on this interaction 









Figure 2.15 Compilation of results (He+ in N2 gas) [30] 
 
 Figure 2.16 shows a compilation of published theoretical and experimental 
results for the stopping cross section of He+ projectiles, using both 3He+ and 4He+, in Ne 
gas [30].  Although we expect minor differences to be exhibited for the total stopping 
cross section involving these two different isotopes, these would only affect the regime 
of nuclear stopping, with no effect on the regime in which the electronic stopping 
component dominates. 
 We note that the two theoretical curves are very nearly identical, and they agree 
with the majority of experimental data shown.  The exception being the data set labeled 
F [41], which can easily be considered an outlier given the strong agreement of the 
remainder of experimental data above 100 keV.  There are virtually no experimental 
data below 100 keV, and only three data sets below 200 keV (one of which is the outlier 
mentioned above).  The current work provides data on this interaction between 15 – 21 









Figure 2.16 Compilation of results (He+ in Ne gas) [30] 
 
 Using the compilations of stopping cross section data assembled by Paul, we 
have examined the theoretical and experimental data available for eight different 
interactions, and a summary of our findings can be seen in Figure 2.17.  The figure 
illustrates a summary of findings for H+ projectiles on the left hand side, and for He+ 
projectiles on the right hand side. 
 For each projectile-target pair, Figure 2.17 shows the number of previous data 
sets available below 20 keV/u, the lowest energy data point available, and the largest 
variance in data below 20 keV/u.  The results of each category are listed below their 
appropriate headings, and each of the boxes is colored either red, yellow, or green.  
Red boxes indicate a category with insufficient experimental results available.  Yellow 
boxes indicate categories that could use improvement, but may not be considered the 
highest priority.  Green boxes indicate categories in which sufficient experimental 








Figure 2.17 Summary of previous findings for H+ and He+ in several light gases 
 
 In examining the left hand side of Figure 2.17 involving H+ projectiles, we can see 
that the case of H+ in H2 gas shows green boxes for all three measures.  This indicates 
that there are a sufficient number of experimental data sets available at low energy, and 
they tend to agree with each other.  This is the only case shown in Figure 2.17 which 
was not measured in the current work.  The next case listed is H+ in He gas.  Although 
this case may have several sets of low energy measurements, it is because this is the 
interaction with the most prominent threshold effect (and because this limited set of 
measurements has such a large variation) that it is of interest to the current work.  The 
case of H+ in N2 gas is measured in the current work, even though there are already 
several data sets available.  The last line lists H+ in Ne as an interaction with only one 
data set available.  This case is also of interest to the current work because of the 
similarity between the closed atomic shells of He and Ne, and because the magnitude 
of the threshold effect for H+ in Ne has not yet been confidently determined. 
 In examining the right hand side of Figure 2.17 involving He+ projectiles, all of the 
listed interactions have almost no low energy data with which to confidently characterize 
their stopping interaction.  In addition to providing an independent measurement of the 

























H2 Many 1 <10% H2 1 10 N/A
He 4 3 >1000% He 0 22.5 N/A
N2 6 12 <20% N2 2 2.5 <15%
Ne 1 4 N/A Ne 1 20 N/A







an appreciable amount of data for several interactions that were previously lacking 
sufficient experimental observation. 
2.3 Research group in Linz, Austria 
 We continue our literature review  y e amining the first pu lication showing 
e perimental evidence of a threshold effect  y  .  olser and  . Semrad in 1991, 
wor ing from the  nstitut f r E perimentalphysi , Johannes-Kepler-Universit t, in Linz, 
Austria [25].  The results of this work are shown in Figure 1.3. 
 In this work, the first evidence of a threshold effect was reported by measuring 
the stopping cross section of H+ and D+ projectiles in He gas between 3 and 20 keV/u.  
Previous work [42] only reported measurements above 10 keV/u, where the departure 
from velocity proportionality was not yet clearly apparent.  These data sets are 
compared with the tabulations of Andersen and Ziegler [31] and Janni [32], which both 
predicted a strong velocity proportionality down to 1 keV/u.  The authors make an 
attempt to measure the influence of the projectile charge state by varying the target gas 
pressure, thereby altering the relaxation length, but no effect is reported. 
 It is clear that a deviation from velocity proportionality is visible at projectile 
energies below 20 keV/u, which is very near to the expected value of the threshold 
energy for H+ in He gas.  The stopping cross section is observed to decrease more 
quickly than predicted by the tabulation of Andersen and Ziegler, and this trend 
continues down to the lowest projectile energy measured.  The reported measurements 
disagree with the tabulation by as much as 75% at 3 keV/u. 
 This experiment used a time of flight setup to measure the stopping cross section 
for H+, D+ in He gas, and the setup is similar to the one used in the current work, with 
some noted differences.  The experimental setup used by the group in Linz is depicted 
in Figure 2.18. 
 The target gas cell used is 210 cm in length, and is covered by a thin (150 Å) 12C 
exit foil.  In comparison, the current work uses a target gas cell which is only ~21 cm in 
length, and is not covered by an exit foil, but is instead differentially pumped.  The group 
in Linz also uses a 60° analyzing magnet to reject neutral projectiles directly before 







desired species of ions, but this is done several meters before the beam enters the 
target cell.  This increases the probability that the accelerated ions might undergo 
recombination and enter the target cell as neutral particles, but at vacuum pressures of 
10-5 to 10-6 Torr, this effect is minimal because the mean free path of the ions is long 
(tens to hundreds of meters). 
 
 
Figure 2.18 Apparatus used by the Linz group [27] 
 
 The experimental setup in Linz also uses an electrostatic beam chopper to 
produce a pulse of ions through the target.  The beam is deflected in two dimensions so 
that the path of the beam only passes through the target gas once per cycle.  In the 
current work, the beam chopper is only deflected in one dimension, which means the 
beam passes through the target gas cell twice for each cycle.  The second pass of each 
cycle can easily be rejected and ignored by the data acquisition electronics, and we do 







 Golser and Semrad followed this work with another publication which includes 
not only data for H+, D+ in He gas previously published, but also results for H+, D+ in H2 
gas, and He+ in He gas in the same energy regime [26].  This work clearly shows that a 
threshold effect is apparent for H+, D+ in He gas, but not for the other projectile-target 
pairs.  The results of this work are shown in Figure 1.4. 
 The authors claim that the large mismatch in ground state energies between the 
H+ ion and the neutral, tightly bound He target gas leads to a suppression of the 
electron capture process, as evidenced by a reduced fraction of neutral projectiles.  This 
is the effect they claim is correlated with the reduction in the stopping power of the 
target [26], and represents the most accurate description of the mechanism responsible 
for the threshold effect that we have to date. 
 Golser and Semrad also produced several other publications related to the 
stopping power measurements reported above, including articles on beam current 
integration [43], the preparation of thin films [44], and the Continuous Slowing Down 
Approximation (CSDA) used for extended targets [45].  Semrad even published a 
theoretical treatment of the expected threshold effect as early as 1986 [23], several 
years before the group in Linz published experimental data. 
 The work of Schiefermüller et al. [27] agrees very well with the work of Golser 
and Semrad, as both teams used the same e perimental setup in  in .  Schieferm ller 
et al. presented additional experimental results for the case of H+, D+ in Ne gas, and 
also featured Monte Carlo simulation results that augmented the previous findings for 
H+, D+ in H2 and He gases.  The measurements of H
+, D+ in Ne gas consist of only three 
points at low energy, but are the only data previously available for this interaction.  This 
data was discussed a ove (la eled “ ” in Figure 2.12), and is inconclusive in 
demonstrating whether there may be a detectable threshold effect for this interaction. 
 The work done by the group of researchers in Linz, including the compilations of 
Paul who also worked with the  nstitut f r E perimentalphysi ,  ohannes- epler-
 niversit t, has been invaluable in the study of the low energy threshold effect for H+ in 
He gas.  This small group of researchers produced the first set of experimental 
evidence for a threshold effect, and their results have since been incorporated into 







are not entirely independent data sets, having been measured by similar groups of 
researchers using the same facilities.  We will keep this in mind as we examine a 
second, independent measurement of the threshold effect, discussed below. 
2.4 Research group in Bochum, Germany 
 The stopping cross section of atomic and molecular deuterons was measured for 
3He gas by using the pressure dependence of the 3He(d,p)4He nuclear reaction yield to 
deduce the stopping cross section [28].  A first set of preliminary results was published 
by Formicola et al. in 2000, followed by a publication by Raiola et al. in 2001 [29].  Both 
publications were produced by similar groups of researchers, and both experiments 
were carried out using the same experimental setup at the  nstitut f r  hysi  mit 
Ionenstrahlen, at  uhr- niversit t  ochum, in Bochum, Germany.  These experiments 
produced results confirming the deviation from velocity proportionality reported by the 
group in Linz, but the magnitude of the measured stopping power was more than an 
order of magnitude lower than reported for H+ and D+ in 4He at 5 keV/u. 
 In order to understand the method used here, we note that the group in Bochum 
worked in collaboration with researchers at the Laboratory for Underground Nuclear 
Astrophysics (LUNA), at the Laboratori Nazionali del Gran Sasso (LNGS), Assergi, Italy.  
Some of the research at LUNA included the study of the d(3He,p)4He cross section for 
low energy 3He+ ions [46]. 
 The reaction cross section can be estimated [46] using the first term in a Taylor 
series expansion as:                                      
where: 
   =  Reaction cross section 
   =  Energy of projectile ions 
   = Stopping power of ions at energy E 
   =  Length of target traversed by ion 
    =  Density of target gas at STP 







   = Pressure of target gas 
 Lastly,   is the Sommerfield parameter, given by:           
 The researcher can then determine the slope and intercept of the linear variation 
of reaction cross section with target pressure.  If we call the slope   and the intercept  , 
then the stopping power can be calculated as:                    
where: 
    =  Ideal gas constant  
    =  Temperature of target gas  
    =  Molecular weight of target gas  
 Although the stopping cross section of the d(3He,p)4He reaction was measured at 
LUNA, the inverted reaction 3He(d,p)4He requires a deuteron beam, which is not 
available in the underground laboratory of LNGS.  This work was instead performed at 
 uhr- niversit t  ochum, in Bochum.   
 The publications by Formicola et al. and Raiola et al. can be directly compared to 
the measurements of Golser and Semrad, because the electronic stopping cross 
section of this reaction is directly comparable to that of protons in 4He gas.  The results 
of this work [29] are shown alongside the measurements of Golser and Semrad in 
Figure 1.5. 
 These results show a threshold effect for deuteron energies below ~40 keV, but 
the magnitude of the stopping cross section is much smaller than reported by Golser 
and Semrad in the low energy limit.  For a deuteron energy of 10 keV (5 keV/u), the 
difference between results is over an order of magnitude (1 x 10-15 eV-cm2/atom 
reported by Golser and Semrad versus 0.05 x 10-15 eV-cm2/atom reported by Raiola et 
al.).  The authors also show the expected contributions from nuclear stopping 
interactions at low energies, although the two lowest energy measurements show 







 The difference between the two data sets produced by the groups in Linz and in 
Bochum is not currently understood.  Although the method of indirect measurement 
used in Bochum gives matching results above the threshold energy, the results for low 
energies do not agree.  The results also do not agree with the predicted effects of 
nuclear stopping in the low energy limit.   
 However, this set of measurements represents one of only two independent 
efforts to quantify this interaction, and the amount of data currently available is therefore 
insufficient to describe the threshold effect with high confidence.  We should neither be 
unduly influenced by the agreement of the work by researchers in Linz with that of the 
empirical simulation SRIM, as these are not independent data sets. 
 We can therefore conclude that although the presence of a threshold effect has 
been verified by two independent measurements, its magnitude is highly uncertain.  The 
only two independent measurements of the stopping cross section completed prior to 
the current work vary by up to an order of magnitude.  The current work provides an 
independent measurement of the threshold effect for H+, D+ in 4He gas, so that this 










 This chapter describes the equipment and techniques used in the current work to 
measure the stopping cross section of various atomic interactions.  The technique 
employed is based on the measurement of the time of flight of a projectile through a 
differentially pumped cell of neutral target gas atoms.  The projectile time of flight is 
measured by first noting the difference between a start time initiated by a pulsed signal 
delivered to a beam chopper, and the stop signal as detected by a Multi-Channel Plate 
(MCP) detector.  The MCP detector is then moved to a second location further along the 
beam line, and this longer time of flight is measured in the same manner.  The 
difference between these two times is then calculated as the time required for the 
projectile ion to travel the length over which the detector was moved.  This process 
eliminates the necessity of accurately determining several time biases introduced by the 
cables used in the time measurement electronics, as well as the uncertainty in the 
distance traveled by the ion as the start position within the beam chopper is not well 
defined.  This series of two time of flight measurements is repeated again with the gas 
target cell held at a specified pressure, resulting in a longer calculated time of flight due 
to interaction with the target gas atoms.  All four time of flight measurements are then 
used to arrive at a final result for the energy lost due to interaction with the target gas 
atoms. 
3.1 Equipment 
 In order to accurately measure the stopping cross section for low-Z atoms in the 
ultra-low energy regime, we use an ion beam accelerator manufactured by General 
Ionex Corporation to supply and accelerate the projectile ions, along with a differentially 
pumped target gas chamber and a time-of-flight measurement system, all housed within 









Figure 3.1 System schematic diagram including acceleration and experiment stages 
 
 The system can be divided into two main stages – the acceleration stage which 
includes all hardware from the RF ion source to the gridded lens, and the experiment 
stage which includes all items from the steering magnets to the detector assembly.  The 
acceleration stage, as depicted in Figure 3.1, consists of an RF ion source along with its 
extraction gap, an Einzel lens as a first focusing element, a 90° analyzing magnet, a 
gridded lens for a second focusing element.  There is also an additional 150 kV high 
voltage supply that is not used in the current work.  The acceleration stage is pictured in 
Figure 3.2. 
 Due to the potential hazard to personnel arising from the capability of the system 
to produce high voltages, the acceleration stage is housed behind a protective fence, 
shown in Figure 3.3.  The components of the acceleration stage which are visible in 
Figure 3.2 are partially obscured in Figure 3.3 by the large instrumentation rack used to 
control some of the high voltage and vacuum devices.  Figure 3.3 also shows the start 



































































Figure 3.3 Accelerator system from RF ion source to beam chopper 
 
 The beam line then tunnels through a concrete wall (used in previous 







and into a second room which houses the target chamber and the detector assembly, 
shown in Figure 3.4. 
 
 
Figure 3.4 Target chamber and detector assembly 
 
 We will discuss each of the system components in more detail below, but first we 
will briefly outline the system design and basic operation.  A Radio-Frequency (RF) ion 
source produces the projectile ions which first encounter an Einzel lens, and then a 90° 
analyzing magnet.  The analyzing magnet helps to select the appropriate species of 
projectiles from the ion source and direct only these particles down the remainder of the 
beam line.  The selected ions can then pass through an additional HV potential drop 
(which is not used in this experiment), and then through a gridded lens, resulting in a 
focused beam of energetic ions being directed into the experiment stage.  Steering 
magnets help to properly align the beam, which is then passed through an electrostatic 
beam chopper.  The beam chopper uses electrostatic deflection to sweep the ion beam 
across the gas target cell entrance aperture, so that a minimal number of projectiles are 
passed through the gas target in each individual pulse.  The gas target cell is housed in 







center of the beam axis.  After the projectiles exit the target chamber, they are directed 
toward a Multi-Channel Plate (MCP) detector which is housed in the detector assembly. 
 We begin to discuss each the system components in more detail by starting with 
the components of the acceleration stage, depicted in Figure 3.5. 
 
 
Figure 3.5 Schematic diagram of acceleration stage 
 
 This portion of the system represents all of the hardware that was provided by 
the manufacturer of the acceleration system, with the exception of the RF Ion Source, 
which was installed at a later time.  We use an RF ion source manufactured by the 
National Electrostatics Corporation as the source of all ions used in this work.  This ion 
source assembly is shown in Figure 3.6. 
 The RF ion source functions by producing an oscillating RF field in the presence 
of an elemental gas, inducing a plasma within a Pyrex container that is filled with the 
gas.  The power supplied to the RF field is constant, and is not varied during operation.  
Once a plasma has been induced by the RF field, an arc voltage of ~1 kV is used to 
induce the positive ions within the plasma to exit through a narrow aluminum canal and 
enter the first portion of the beam line.  The first potential the ions encounter is between 




















extraction voltage is set to ~20 kV during normal operation, and is the sole source of 
acceleration in the current work.  The ions exit this portion of the beam line with an 




Figure 3.6 RF ion source 
 
 The energy of the ions as they enter the ion beam system is proportional to the 
voltage on the extraction gap, given by the relation:      
where   is the energy of the ion,   is the charge of the ion, and   is the applied voltage. 
 The potential of the remainder of the ion beam system is at Earth ground 
beginning after the extraction gap, unless the accelerator system’s additional 1 0  V 
High Voltage (HV) supply is used (described in detail below).  If the additional HV 
supply is activated, a large portion of the accelerator system, including the ion source 
and the extraction gap, are placed at the HV potential, and Earth ground is not reached 
until later in the beam path.  In either case, the magnitude of the extraction potential 










 An Einzel lens is placed in the beam line directly following the ion source 
extraction gap.  This lens is mounted inside the chassis in the center of the photograph 
shown in Figure 3.7, and focuses the ion beam as it passes into a smaller, square 
aperture of 4.9 cm on a side. 
 
 
Figure 3.7 Acceleration stage from RF ion source to analyzing magnet 
 
 The size of the beam aperture at this point is lessened in order to reject neutral 
and unwanted masses as the beam passes through a 90° bending magnet, also 
commonly referred to as an analyzing magnet.  The analyzing magnet can be seen on 
the right side of the photograph in Figure 3.7.  This magnet is used to isolate a desired 
species of ions produced from the source, and it directs only those ions through the 
remainder of the beam line, toward the target and detector assembly. 
 Following the analyzing magnet, the ion beam passes through an additional 
acceleration potential, which can increase the energy of the ions by up to 150 keV.  The 














Figure 3.8 Additional 150 kV voltage supply (not used) 
 
 The nature of this experiment does not warrant the use of the added acceleration 
stage, as we are only interested in using an ion beam with energy less than 20 keV.  
This can be accomplished by using only the extraction potential near the source, and 
therefore the HV acceleration stage will not be activated. 
 If this additional HV supply were required, its potential would be applied to the 
HV chassis, pictured in Figure 3.8, and also in Figure 3.9, below.  The potential would 
then decrease across the resistor chain, pictured in Figure 3.9, with Earth ground being 
achieved after the gridded lens.  Figure 3.9 shows the HV chassis, the resistor chain, 











Figure 3.9 Acceleration stage from analyzing magnet to gridded lens 
 
 When the HV supply is activated, the entire portion of the accelerator system 
which resides on the HV chassis pictured is maintained at this additional “floating” 
potential.  The chassis is isolated from the laboratory floor by ceramic insulators, 
pictured in Figure 3.8. 
 Directly after the resistor chain, the beam line aperture is again increased to a 
cylinder of 6 inch diameter, and the beam then encounters its second focusing element, 
the gridded lens.  The gridded lens can be seen on the right side of Figure 3.9, with a 
turbo pump mounted directly beneath it, and its high voltage being provided by a 
connection concealed by the cylindrical insulator mounted on its top. 
 After the ions are focused by passing through the gridded lens, they enter the 
experiment stage, depicted in Figure 3.10.  This portion of the system includes all 
hardware items installed onto the accelerator system devoted to the measurement of 












valves, and several current measuring “cups”, depicted in Figure 3.10.  Each 
component is described in detail below. 
 
 
Figure 3.10 Schematic diagram of experiment stage 
 
 A pair of electromagnet coils is used after the second focusing lens to provide the 
ability to steer the ion beam both vertically and horizontally.  These steering magnets 
are pictured in Figure 3.11. 
 
 






























 If the axis of the cylindrical coil is aligned vertically, then the resulting magnetic 
field produced by the coil is also aligned vertically.  When the projectile ions pass 
through this vertically aligned magnetic field, the Lorentz force provides them with an 
acceleration in a direction perpendicular to both the coils and their velocity vector.  
Thus, a coil mounted vertically will cause a horizontal deviation in the path of the ions, 
and a coil mounted horizontally will cause a vertical deviation. 
 An electrostatic deflector (referred to as the beam chopper) is used to deflect the 
ion beam so that it enters the target gas chamber for only a short period of time, 
producing a very short pulse of ions.  The beam chopper is shown in Figure 3.12. 
 
 
Figure 3.12 Electrostatic beam chopper 
 
 The target in this experiment is an elemental gaseous target, and requires 
specialized hardware in order to adequately confine the higher pressure of the gas 
target within the general vacuum of the beam line.  The target chamber assembly is 












Figure 3.13 Target chamber 
 
 The target chamber entirely encloses the gas target cell, and provides the 
operator a means to rotate and alter the height of the gas target cell using mechanical 
means located outside the target chamber.  Several current measurement devices are 
housed in the target chamber, as well as a cold cathode ion gauge to monitor pressure.  
The central item in the target chamber, the gas target cell, is shown in Figure 3.14. 
 The gas target cell is fed a gaseous input from above, and the pressure in the 
gas chamber is measured using a capacitance manometer.  The gas target cell does 
not use thin foils to isolate it from the vacuum of the beam line, and so a differential 
pumping mechanism is used to isolate the target gas, along with very small apertures 








pressure in the target chamber can be maintained near 10-4 Torr, with the beam line 
vacuum near 10-6 Torr.  The front (entrance) and rear (exit) apertures measure 10.0 ± 
0.1 mm  along the beam axis.  The diameter of the rear aperture is 3.18 ± 0.1 mm, while 
the diameter of the front aperture is effectively reduced to 0.85 ± 0.1 mm by the 
presence of the Beam Current Monitor, as described below. 
 
 
Figure 3.14 Gas target cell, with front and rear apertures 
 
 In order to estimate the effective length of the gas target as experienced by the 
beam, we must account for the variable gas pressure within each of the apertures.  
When the pressures on either side of the two apertures vary by several orders of 
magnitude, we can assume that the midpoint of the pressure variation is found at the 
midpoint of the aperture.  Then we can estimate the target gas length as the distance 
from the midpoint of the entrance aperture to the midpoint of the exit aperture, and we 
find this length to be 210.2 ± 0.1 mm.  If we then further propose that the midpoint of the 
gas pressure variation is unknown to within 4 mm for each of the two apertures, then 
the effective target length is estimated to be 210.2 ± 5.7 mm.  This presents a relative 
error of 2.7% for the length of the gas target.  We will call the target length   , the 










 The entrance to the target gas cell as seen by the ion beam is further restricted 
by the installation of a Beam Current Monitor (BCM), shown in Figure 3.15.  This is an 
apparatus which fits onto the circular entrance aperture of the gas target cell, containing 
an even smaller aperture for the beam to enter into the gas target, and a set of four 
electrically isolated current monitors.  The current monitors assist in the proper 
alignment of the beam through the target gas cell, while the aperture helps to minimize 
the amount of current being passed through the target gas cell during each cycle.  This 
aperture has a diameter of 0.85 ± 0.1 mm, and is not visible in Figure 3.15 because it is 
obscured by the four current monitors of the BCM. 
 
 
Figure 3.15 Gas target cell, with BCM mounted on entrance aperture 
 
 A Micro-Channel Plate (MCP) detector is used to detect ions once they have 
passed through the gas target.  This detector is mounted on a movable chassis with a 
precision screw, pictured in Figure 3.16 below.  This precision screw is used to move 
the detector from one end of its travel distance to the other, with the length of travel 
being 246.1 ± 0.6 mm.  This distance is measured by the precision screw itself each 
time the detector is moved, as a readout is available on the outside of the detector 
Beam Direction








chamber, and this quantity was also replicated by a manual measurement of the 
detector travel distance, using a tape measure. 
 
 
Figure 3.16 MCP detector assembly 
 
 The precision screw used to control the detector position is pictured in Figure 
3.17.  Each revolution of the dial moves the detector by 1 cm, and the readout is given 
in degrees.  From its zero position, the precision screw is rotated 24 full turns, and then 
to a position of 218 ± 2 degrees.  This corresponds to a distance of 246.1 ± 0.6 mm, 
which is the maximum travel length of the detector.  This presents a relative error of 
0.2% for the travel length.  Each measurement involves moving the detector to each 
end of its range, and so this distance is taken as constant throughout all measurements 
in this work.  We will call this quantity  , the distance over which the time of flight is 
measured.  This distance will be used to calculate the projectile velocity, which can then 












Figure 3.17 MCP detector precision screw control 
 
 The MCP detector is composed of a regular array of channels which are on the 
order of several micrometers in diameter, and spaced apart by roughly twice the 
distance.  The channels are constructed at a small angle relative to the normal of the 
detector surface, and impinging particles are thereby guaranteed to strike the walls of 
the channel into which they enter, given that the detector is mounted in an orientation 
perpendicular to the velocity of the projectiles.  The channels serve as electron 
multipliers when an electric field is present, resulting in the production of a cascade of 
electrons that is accumulated onto the anode of the detector.  The MCP detector is not 
limited to interactions with charged particles only, but also detects neutral particles 
which impinge upon the detector surface. 
 The MCP detector consists of two micro-channel plates, combined with an 









Figure 3.18 Wiring diagram for MCP detector 
 
 A vacuum is maintained throughout the beam line on the order of 10-5 to 10-6 
Torr.  Several turbo-molecular (turbo) pumps are used to achieve this vacuum, and 
each of the turbo pumps employs a mechanical backing pump, or fore pump.  The turbo 
pumps consist of several stages of turbine blades, each of which is designed to impart 
momentum to the gas molecules from the beam line and compress them to the level of 
the fore pump.  The mechanical fore pumps extract gases from the beam line 
mechanically through the use of a rotary vane system, alternately drawing gases into an 
evacuated area and then discharging them into the atmosphere. 
 Vacuum is measured by several methods, depending on the order of magnitude 
of the gas pressure being measured.  At pressures near atmospheric, a convection 
gauge is used to monitor the vacuum pressure down to 10-1 Torr.  These gauges are 
calibrated for use with N2 gas, although the larger deviations between actual gas 
pressure measurements and calibrated values are mostly found near atmospheric 














system is being evacuated down to the point where more precise measurement 
equipment can be used, such as cold cathode ion gauges, described below. 
 Cold cathode ion gauges are used to measure gas pressures between roughly 
10-7 and 10-4 Torr.  The cold cathode design results in the production of an undesirable 
glow discharge if the pressure is above the operating limits, so this type of gauge is only 
activated once the pressure in the volume has been evacuated to below 10-4 Torr.  The 
cold cathode ion gauge uses a magnetic field in the vicinity of the electrodes to lengthen 
the effective path length of electrons.  This induces further ionization events to occur 
with the gas, and the resulting particles migrating in an electric field induce a current 
measured across the electrodes. 
 Capacitance manometers are used to measure gas pressures in a higher regime, 
usually between 10-3 and 103 Torr.  The principal advantage in using a capacitance 
manometer is that it provides a pressure measurement which is independent of the type 
of gas involved.  The principle of operation in a capacitance manometer involves using 
a flexible metal diaphragm and a fixed electrode to form a capacitor.  The distance 
between the metal diaphragm and the fixed electrode changes due to the gas pressure 
to which it is exposed.  This in turn alters the capacitance of the arrangement, which is 
monitored electronically to deduce the gas pressure.  A capacitance manometer is used 
in the current work to measure the gas pressure within the target gas cell, which is held 
as closely as possible to its nominal level of 0.13 Torr when the target is filled.  The 
product specifications give the accuracy of the instrument as 0.25% of the full scale 
reading, which is set to 1 Torr.  For pressure readings near 0.13 Torr, this presents a 
relative error of 1.9% for the target gas pressure.  The pressure reading on the 
capacitance manometer exhibited a bias, as the pressure reading was non-zero when 
the gas target was evacuated to a pressure near 10-6 Torr.  This bias was highly 
consistent, never exceeding the limits of 0.0003 – 0.0011 Torr.  The observed bias was 
recorded for each measurement and subtracted from the pressure reading taken with 
the gas target filled. 
 The temperature of the gas target was monitored using an Acurite Model 00611 
external digital temperature sensor on the outside of the target chamber.  This sensor 







months of operation.   lthough the manufacturer’s specification states its accuracy to be 
within ± 2 degrees Fahrenheit, we assume a slightly higher uncertainty of ± 2 K, which 
results in a relative error of 0.7% for the gas target temperature. 
3.2 Techniques 
 As the ion beam exits the acceleration stage, it first encounters the steering 
magnets which we use to direct the beam along the axis of the experiment.  The beam 
then encounters the beam chopper, which features an entrance aperture of 2 mm 
diameter which is designed to reduce the amount of current in the beam.  The beam 
chopper is composed of four electrostatic plates, each orthogonally mounted about the 
beam axis, and each of which can be held at a different potential.  A positively charged 
ion passing through the plates will  e deflected according to Coulom ’s  aw, there y 
providing a method of beam steering.  The electrostatic beam chopper is pictured in 
Figure 3.19, along with a diagram of its operation which is explained in detail below. 
 In the present wor , we use the electrostatic plates to “chop” the  eam into short 
pulses which are sent through the target and subsequently detected by the MCP 
detector.  In order to preserve timing accuracy (and therefore minimize the energy 
resolution), these pulses should be as short as possible.  We use a Picosecond Pulse 
Labs Pulse Generator Model 2000 to create the signals which are sent to the beam 
chopper.  The rise time of the output signal from the pulse generator is 1.63 ns, and its 
amplitude is +50 V.  In order to shorten the length of the chopped beam pulses, we first 
deflect the (positively charged) beam upward using a separate, constant voltage of +15 
V applied to the bottom electrostatic plate.  This prevents the projectiles from passing 
through the target while the pulse generator begins its cycle.  At the start of each cycle, 
the pulse generator applies a +50 V potential to the top electrostatic plate, and during 
the course of the voltage rise time, a short portion of the beam is directed through the 
exit aperture of the  eam chopper.  This is what we refer to as a “pulse” of ions.  The 
beam therefore spends the vast majority of its time being directed either above or below 
the beam centerline, and only travels through the target during the very short transient 









Figure 3.19 Operation of the electrostatic beam chopper 
 
 As the pulse generator ends its cycle, the +50 V signal is reduced to 0 V, and the 
beam is once again directed through the exit aperture as the electrostatic potential 
decreases to its steady state level.  The signal from this portion of the cycle is visible at 
the MCP detector roughly 200 ns after the initial pulse, and this signal is simply 
discarded.   esearchers from  ohannes- epler- niversit t, in Linz, Austria, used an 
experimental setup which deflected the beam in two dimensions, so that the path of the 
beam was only directed through the gas target once per cycle.  We did not find any 
difficulty in using a simpler, one dimensional chopping method, as the secondary, falling 
pulses can easily be distinguished and ignored through proper selection of settings 
available in the detection electronics, as described below. 
 The signal sent to the beam chopper which results in a deflection of the ion beam 
is not the same signal that is used to start the timing electronics – the pulse generator 
also issues a timing signal from a separate connection which can be used by low 
voltage electronics.  This timing signal precedes the main signal by 70 ns.  The main 
signal is then created and sent to the beam chopper as a +50 V potential, and this 
potential is maintained for 200 ns.  The cycle is repeated at a frequency of ~100 kHz.  














Figure 3.20 Trigger and output signals from the pulse generator 
 
 After exiting the beam chopper, the pulse of projectiles makes its way through 
the target chamber, which can either be evacuated or filled with a target gas.  The 
projectiles then exit the target chamber and impinge upon the front face of the MCP 
detector.  This is the interaction we will use to deduce the projectile energy. 
 The energy of the projectile is calculated by measurement of the time of flight 
over the movable length of the detector,   = 246.1 ± 0.6 mm.  The time required for the 
projectile to travel from the beam chopper to the detector is recorded, and then the 
same measurement is made with the detector moved to the opposite end of its travel 
distance.  These two time measurements are labeled as     and     in Figure 3.21. 
 The time difference between     and     is the quantity we want to measure – 
the time of flight.  We will call this quantity   :            
 This is the time taken by the projectile in traversing a distance of the detector 
travel length,  .  Of course, we need to measure this time in two different configurations 
– once with the gas target evacuated, and once again with the gas target filled.  This will 















Figure 3.21 Diagram of timing signals requiring measurement 
 
 The energy of the projectile,  , is then calculated by:             
 Where   is the mass of the projectile.  We will likewise require two energies for 
each case, before and after interaction with the gas target, and we will call these    and   , respectively.  It is the difference between the initial and final energy that will allow us 
to calculate the stopping cross section, described in detail below. 
 One could choose to measure the projectile energy by noting the time taken to 
travel from the beam chopper, through the gas target, and to a stationary detector 
position (these times are labeled as     and     in Figure 3.21).  Although this provides 
a large distance over which to measure the travel time, it has several disadvantages.  
First, the energy of the projectile is altered while passing through the target chamber, so 
the energy is not constant throughout the measurement. Second, the definition of the 
start time is less well defined, and so the uncertainty in our knowledge of the distance 
traveled would be larger than desired.  Lastly, the electronic path of the timing signals 
used to measure the time difference has several biases that would need to be 
measured, thereby providing additional sources of error.   
 Instead, we prefer to measure the time of flight after the projectiles have 
interacted with the target, i.e. within the detector assembly, and with a movable 
detector.  In this case the projectile energy is very nearly constant, enabling a much 
more precise energy measurement.  The front face of the MCP detector provides a well 



















mounted on a precision screw, enabling a precise measurement of the travel distance.  
Also, by using the difference in two time measurements taken by a movable detector, 
any biases in the timing signal chain are cancelled out, so that only the time difference 
arising from the movement of the detector is revealed. 
 The electronic setup used for timing measurement is depicted in Figure 3.22, 
below.  In order to measure the time differences     and    , two separate timing paths, 
each originating from the pulse generator, are compared by a Time to Amplitude 
Converter (TAC).  These timing paths are la eled as “Trigger” and “Output” in Figure 
3.22.  We previously noted that the output pulse and the trigger pulse from the pulse 
generator are separated  y ~70 ns.  The “Trigger” pulse is created first, and this signal 
is fed directly to a variable delay, and then to the “Start” port of the T C.  The “Output” 
pulse is connected to the electrostatic plate of the beam chopper, and this causes the 
ion beam to be deflected, and it briefly passes a small beam current through the exit 
aperture of the beam chopper.  (The time between when the output pulse is sent to the 
electrostatic plates and the time that a portion of the beam is directed out of the chopper 
is one of several unknown biases in this timing path.)  The projectile ions then pass 
through the target chamber and impinge on the MCP detector.  The resulting electron 
cascade is captured by the anode, and this signal is sent to an ORTEC Nuclear 
Instrumentation Module Model 9327 Amp and Timing Discriminator (the NIM box), 
which converts the raw detector signal to a signal compatible with the TAC.  This timing 
path is reported through the “Stop” port of the T C, and a signal proportional to the time 
difference between these signals is then output by the TAC. 
 By altering the variable delay, the start and stop signals can be made arbitrarily 
close to each other during a single measurement of either     or    .  The delay 
remains constant while the detector is moved to the opposite end of its travel length, 
and we then require that   , the difference in time between     and    , is captured 
within the range setting of the TAC.  The TAC has a variety of range settings from 50 ns 
up to 2 ms, and we require the use of three of them in the current work (200 ns, 500 ns, 
and 1000 ns).  For example, 22 keV protons require ~120 ns to traverse a distance of 









Figure 3.22 Electronic system used to measure particle time of flight 
 
 Table 3.1 shows calculated times of flight for several illustrative projectiles, and 
for energies of 15 and 22 keV.  We will use molecular species involving H+, D+, and He+ 
projectiles between 15 and 22 keV.  Across all listed species, the expected times of 
flight are found to have limits between 120 ns and 356 ns.  We will therefore require use 
of the 200 ns, 500 ns, and 1000 ns range settings of the TAC, ensuring there is enough 
space for proper peak fitting.  Each of the range settings requires a separate calibration, 
as described below. 
 




Times of flight for d = 0.2461 m 






15 145 205 251 205 290 356 289 
22 120 170 208 170 240 294 239 
 
 To accurately measure   , we must calibrate the TAC by using a timing source of 
known delay.  This is accomplished by using the TAC to measure the delay between a 



















cables, of lengths between 10 and 16.5 meters to construct 14 different combinations of 
cable length, each of which cause different time delays due to the finite speed of 
conduction through the cable.  The cables used are of type RG-62/U and RG-62 A/U, 
which both have a propagation speed of 0.84 c, or 1.21 ns/ft.  Given the complexity of 
the differently constructed cables, each having up to 6 connectors that induce delays of 
their own, we elected not to use the measured cable lengths and their propagation 
speed to calculate the time delay caused by each cable.  Instead, we directly measured 
the time delay for each set of cables with an oscilloscope to arrive at the “ nown” delay 
for each of the 14 different cable lengths used. 
 Each of the cable combinations used in the calibration procedure is listed in 
Table 3.2, along with the “known” delay as measured using a Tektronix Model DPO 
3052 500 MHz, 2.5 GS/s oscilloscope.  The manufacturer’s specifications for this 
oscilloscope indicate its Delay Time Accuracy (DTA) is 0.12 ns.  During the calibration 
procedure, each of these cable combinations serves as a known delay with which to 
calibrate the readings acquired from the TAC.  The minimum delay was 24.1 ns, and 
provided by a single cable, while the longest delay was 285.7 ns, provided by a chain of 
six cables of various lengths connected in series. 
 




Delay       
(ns) 
1σ  ncertainty 
(ns) 
1 40.1 1.9 
2 63.9 2.0 
3 60.2 2.2 
4 64.6 2.2 
5 24.1 2.0 
6 110.7 2.9 
7 32.4 2.0 
1,2 104.0 2.4 
2,3 124.1 2.2 
1,2,3 164.2 2.6 
2,3,4 188.8 3.0 
1,2,3,4 229.0 3.6 
1,2,3,4,5 253.2 4.0 








 Signals from the TAC are read by a 2,048 channel data acquisition (DAQ) unit, 
(ORTEC Model EASY-MCA-2K-CH), and the results can be displayed and analyzed 
using the accompanying Maestro software.  The output of a measurement made using 
the Maestro software is fitted with a curve to extract the mean channel number, the full 
width at half maximum (FWHM) of the peak, as well as other statistical measures. 
 During the calibration procedure, using the TAC to measure the known cable 
delays described above resulted in peak distributions with a FWHM on the order of one 
channel number or less for the majority of measurements.  This indicates that the time 
delays being measured during calibration have an uncertainty which is too small to 
detect given the range settings used on the TAC. 
 Figure 3.23 shows the known time delay versus the measured channel number 
for each of the applicable cable delays, and plotted for three different range settings on 
the TAC (200 ns, 500 ns, and 1000 ns). 
 Error bars are plotted in Figure 3.23, but are too small to be seen clearly on this 
scale, which indicates that the linear fit applied to each of the calibration lines is 
accurate.  There is a very strong linear correlation that we can use as a calibration for 
measurements taken using the TAC. 
 Each of the three data sets was fitted with a straight line, and the slope and 
intercept of each fit are shown in Table 3.3.  Since the current work requires each time 
measurement made by the TAC to be subtracted from another measurement (recall    
=     -    ), the intercepts listed in Table 3.3 are not significant because they directly 
cancel during the subtraction.  This calibration procedure was performed several times 
over three months between July and September, 2014, and the value of each of the 
calibration constants was stable to within <0.1% during that time. 
 Since the largest known delay being used in our calibration is 285.7 ns, we must 
be cautious to only use this calibration over its valid range.  Most of the measurements 
in the current work were performed using the 500 ns range, and only one measurement 
was made using the 1000 ns range (the lowest energy point for D3 in He, which 
registered a measurement at 494 ns, so that the 500 ns range was insufficient to 
capture the full peak).  It is apparent by inspection of Figure 3.23 that the linear 








Figure 3.23 Calibration results for three different TAC ranges 
 





(ns/Channel) Intercept (ns) 
200 0.1007 4.1498 
500 0.2434 2.3157 
1000 0.4876 3.7347 
 
 As previously described, the output of the TAC is processed by a 2,048 channel 
DAQ and analyzed with Maestro software.  A screen capture of the Maestro software 
user interface is shown in Figure 3.24.  This figure shows an example set of data 
accumulated for a time of flight measurement with the gas target cell evacuated.  For 
illustrative purposes, the range scale on the TAC was deliberately set to a higher value 
than would have been nominally used for a precise measurement. 
y = 0.4876x + 3.7347
y = 0.2434x + 2.3157



























 The area highlighted in red contains the “rising” portion of the  eam chopper 
cycle, and the other large pea  visi le is the “falling” portion.  We are only interested in 
the rising peak, and so it is this area that is highlighted.  The Maestro software performs 
a Gaussian curve fit of the highlighted area, which is referred to as a Region of Interest 
(ROI) within the software, and automatically displays relevant statistical information.  
Only the mean channel number of the peak is required for calculating the energy loss in 
measurements made in the current work, although the Full Width at Half Maximum was 
also recorded, along with the net number of counts within the ROI.  All spectra were 
saved as ASCII files, and are available for further analysis (such as a study of the 
energy straggling exhibited by each of the target-projectile pairs). 
 In order to measure the beam energy, two measurements are taken with the 
MCP detector at either extreme of its travel distance.  The quantity of interest is the 
number of channels between the two rising peaks, which is then multiplied by the slope 
obtained during the calibration procedure.  This results in a measurement of the 
projectile time of flight, for the constant travel distance of 246.1 ± 0.6 mm.   Figure 3.25 
shows two sets of data accumulated at the two different detector positions.  The solid 
line shows  oth the rising and falling pea s for the detector in its “near” position – the 
detector is closer to the gas target cell in this position.  The dashed line shows the rising 











 It is important to note that the quantity of interest is the number of channels 
between the two rising peaks.  We call the rising peak with the detector in the near 
position “ ea  1”, and the rising pea  with the detector in the far position “ ea  2”.  The 
time difference between these two peaks is the time we want to measure,   .  Since the 
two pea s due to the “falling” cycle are not of interest, the T C range need not include 
these peaks during measurement.  We optimize the TAC range so that    takes up as 
much of the available range as possible during measurement, while still ensuring that 
accurate peak fitting can be performed. 
 
 
Figure 3.25 Time of flight between two different detector positions 
 
 The time of flight as measured above, with the gas target cell evacuated, is 
called    .  This quantity provides us with a measurement of the initial beam energy, 
prior to interaction with the gas target.  The next measurement we require is the time of 
flight with the gas target filled, which we call    , as this provides us with the final beam 
energy.  Figure 3.26 shows a close up view of Figure 3.25, focusing on channel 









 Two additional data sets are visible in blue, where the solid blue line shows data 
ta en with the target pressuri ed and the detector in the “near” position, and the  lue 
dashed line shows corresponding data ta en with the detector in the ”far” position.  The 
number of channels between the two blue peaks, when multiplied by the slope given in 
the calibration procedure, gives us a measurement of    .  We note that during all 
measurements made in the current work, the range setting of the TAC was chosen so 
that the four peaks identified in Figure 3.26 span as much of the 2,048 channel range as 
possible, while reserving enough space to perform accurate peak fitting. 
 
 
Figure 3.26 Times of flight for projectiles before and after target interaction 
 
3.3 Error Analysis 
 With measurements of both    , and    , we can calculate the energy of the 
projectiles both before and after interaction with the gas target.  The difference between 
these two energies is the energy lost through interaction with the target, which we will 
call   .  The length of the gas target cell is 210.2 ± 5.7 mm, which is the distance over 
which the energy loss occurs – we will call this distance   .  We will use these 
Δti
Energy peaks are 









measured differences to estimate the differential quantities seen in the stopping power 
definition:              
 The only remaining task is to calculate the stopping cross section, in units of eV-
cm2/1015 atoms.  We will calculate the stopping cross section as follows:           
 The atomic number density,     , can be calculated using the ideal gas law:        
where: 
   = Pressure 
   = Volume 
   = Number of molecules 
   = Boltzmann constant 
   = Temperature 
 Since the current work uses target gases that are both monatomic and diatomic, 
we must be careful to remember that   represents the number of molecules in the ideal 
gas.  If we wish to measure the atomic number density, we must multiply by the number 
of atoms per molecule,   :         
 The stopping cross section can then be calculated as:              
 The energy loss is explicitly calculated from the time differences as:                         
 This gives us the most basic form, in which the stopping cross section is given 







                                   
 Here, the term in brackets is the measured loss of the projectile kinetic energy 
due to interaction with a target gas of temperature  , pressure  , and length   .  The 
parameter    represents the number of atoms per molecule of target gas.  This quantity 
is exactly equal to 1 for monatomic target gases (He and Ne), and 2 for diatomic gases 
(H2 and N2).  The quantity   is the distance traveled by the projectile during its time of 
flight, which is the distance between detector positions 1 and 2, given previously as 
246.1 ± 0.6 mm, and is considered invariant throughout all measurements in this work. 
 The quantities that are directly measured are the four times,      ,      ,      , and      .  The initial and final times of flight are then calculated using     =       –      , and     =       –      .  The initial and final energies of the projectile are then calculated 
using:               
and:               
 We pause here to discuss the resolution of the four timing measurements which 
are made using the Maestro software.  We discuss a sample set of measurements 
made on Apr. 16, 2015, using He in N2 gas, listed in Table 3.4 below.  The subscripts 
on each of the time variables,   , refer to the two detector positions (1 and 2), and the 
initial and final projectile velocities before and after interaction with the target gas (  and  ). 
 The statistics for each of the time variables were accumulated using Maestro 
software, which outputs the Full Width at Half Maximum (FWHM) for each of the 
recorded peaks, and assumes a Gaussian distribution.  The FWHM is converted to a 1-
sigma uncertainty, as shown in the 1-Sigma Resolution column, through division by a 
constant factor of 2.355. 
 We must note, however, that the distributions in the spectrum of timing 







measurement uncertainty of our experiment.  The resulting spectrum also includes the 
energy distribution of the beam, and in the case of measurements made with the gas 
target filled, it also contains the added distribution caused by energy straggling in the 
gas target.   astly, when the detector is in the “far” position to gather data for      , the 
energy straggling induced by the filled gas target is further broadened as the beam 
travels the extra distance to the farther detector position. 
 
Table 3.4 Example values of measured quantities 
 





(ns)       77.47 1.71 0.73       317.14 1.97 0.84       94.84 6.12 2.60       347.72 9.88 4.20 
 
 In order to quantify the uncertainty, we will instead collect a series of 10 sets of 
measurements, noting that it is the variation of the mean value of each of the quantities 
listed in Table 3.4 which represents our experimental uncertainty, not the resolution of 
an individual measurement.  Each set of measurements of      ,      ,      , and       is 
used to calculate the energy loss and the stopping cross section, as described above.  
The standard deviation of all 10 sets is then computed to characterize the uncertainty 
for each stopping cross section measurement. 
 The uncertainty in the energy loss provides us with the largest contribution to 
uncertainty in the current work, and in some cases far exceeds the contributions from 
uncertainties in pressure, temperature, and target length measurement.  The 
uncertainty in the energy loss is a statistical uncertainty, while the uncertainties in the 
target properties are systematic.  In order to describe the total uncertainty in each of our 
measurements, we will combine all of the systematic errors in quadrature, and then add 
this value to the statistical uncertainty of each measurement. 







 The first systematic uncertainty on the right hand side of this equation is the 
uncertainty in the pressure measurement of the gas target, which is given by the 
manufacturer as 0.25% of the full scale reading.  The full scale reading is set to 1 Torr 
for all measurements, and therefore the uncertainty in the pressure measurement is 
0.0025 Torr.  The pressure is continuously monitored and recorded during all 10 
measurements made for each case, and was not observed to vary by more than this 
amount.  Using the manufacturer’s specifications, this gives a relative uncertainty 
between 1.9 – 2.3% for the target gas pressure, so that     = 1.9 – 2.3%.  This 
uncertainty varies slightly because the nominal setting of the target gas pressure was 
not used for some measurements. 
 The second systematic uncertainty is in the temperature measurement of the gas 
target.  Throughout several months of measurements, the temperature was observed 
between 75 and 80 degrees Fahrenheit (297 to 300 K), but was always observed to be 
constant through each set of 10 measurements performed.  We deduce a conservative 
estimate of its accuracy to be within ± 2 K, which results in a relative error for the gas 
target temperature of 
    = 0.7%.  The target pressure and temperature can vary for each 
case, and are therefore monitored and recorded so that their uncertainty can be 
accurately reported for each measurement made.   
 The third systematic uncertainty is in the distance of travel of the MCP detector, 
which was calculated previously as 
    = 0.2%.  The fourth systematic uncertainty is in 
the effective length of the gas target, which was calculated previously as 
      = 2.7%.  All 
of these systematic uncertainties remain nearly constant for each measurement made 
in the current work, and their contribution to the total measurement uncertainty when 
added in quadrature is between 3.4 – 3.6%. 
3.4 Nominal Setting of the Target Gas Pressure 
 The target gas pressure is chosen to simultaneously achieve a sufficient count 
rate at the detector, and to maximize the total stopping occurring in the target, so that 
the measurements of    , and     are spaced as far apart as possible.  In order to 







of He+ in N2 gas was measured for several different target gas pressures, and using 
several different beam energies.  Figure 3.27 shows the results of these measurements. 
 
 
Figure 3.27 Pressure dependence for He+ in N2 gas 
 
 Due to the relatively high stopping cross section of N2 gas, the count rate at the 
MCP detector was insufficient when using 18 keV He+ ions and target gas pressures 
higher than ~0.13 Torr.  Measurements were made for gas target pressures decreasing 
from 0.13 Torr, in the effort to note the increase of the count rate at the detector.  
However, a pressure dependence on the magnitude of the stopping power became 
evident, and an effort was undertaken to describe this dependence.  In addition to using 
18 keV He+ ions, the energy of the beam was also lowered down to a minimum of 14 
keV, with measurements at different target pressures recorded for each energy. 
 For each of the ion energies used, the calculated stopping cross section 
decreased with lower target pressure, for target pressures lower than 0.13 Torr.  In the 
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section could be seen for 17 keV He+ ions.  This behavior can be explained, however, 
as we only defined the effective length of the gas target in the case that the pressures 
on either side of the target apertures varied greatly.  In a nominal case, the target gas 
pressure is ~0.13 Torr while the pressure of the surrounding target chamber is between 
10-4 and 10-3 Torr.  However, as the target gas pressure is decreased from this value by 
more than an order of magnitude, it appears that the flow regime changes, and the 
effective length of the target can no longer be ascertained in the same manner.  We 
should therefore not expect to arrive at an accurate value of the stopping cross section 
when the target pressure is decreased to a value that more closely represents the 
surrounding target chamber pressure. 
 Since a decrease in gas target pressure below 0.13 Torr could cause a reduction 
in the stopping cross section measurement, we set out to measure whether the stopping 
cross section was indeed independent of the gas target pressure for pressures above 
0.13 Torr.  This could not be achieved for the case of He+ in N2 gas, due to the low 
count rate described above.  However, a sufficient count rate was available using He+ in 
Ne gas for target pressures up to 0.15 Torr, and for He+ in both He and H2 gas up to 
pressures of 0.24 Torr.  Figure 3.28 shows the results of these measurements.   
 Each large circle plotted represents the mean of a set of two to ten separate 
measurements performed at each pressure setting.  The data for H2 gas was measured 
using 22 keV He+ ions, the data for He gas was measured using 21 keV He+ ions, and 
the data for Ne gas was measured using 19 keV He+ ions.  For clarity, the data shown 
in Figure 3.28 for N2 gas contains only one representative data set using 15 keV ions 
instead of all of the data sets shown in Figure 3.27. 
 Although more measurements for higher target pressures would be desirable for 
N2 and Ne gas, it can be seen that in all four gases, the stopping cross section does not 
increase appreciably for gas target pressures above 0.13 Torr, while it does decrease 
for pressures below 0.13 Torr.  The measurements for H2 and He gas both show 
consistent results for pressures between 0.13 – 0.24 Torr, and both also show a 
decrease in the stopping cross section when the target gas pressure is below 0.13 Torr.  
The measurements for Ne gas are similar between 0.13 – 0.15 Torr, and also show a 







connection with Figure 3.27, also exhibit a decrease in extracted stopping cross section 
for pressures below 0.13 Torr, although a measurement for He+ in N2 gas was not 
obtained for pressures above 0.1322 Torr. 
 
 
Figure 3.28 Pressure dependence for He+ ions in different gases 
 
 From this exercise, we determined that 0.13 Torr is the nominal gas target 
pressure setting to use for all measurements.  Because the pressure dependence is 
due to the geometry of the target gas cell and the method of differential pumping, this is 
not a function of the incoming projectile or its energy.  Therefore, this same nominal 
setting of 0.13 Torr is desired for both He+ projectiles as well as the different species of 
H+ and D+ projectiles used in the current work.  The target gas pressure was maintained 
near the nominal value of 0.13 Torr, except in the case of several measurements using 
N2 target gas.  In these isolated cases, the detector count rate was insufficient at a 
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 The accelerator system was not fully functional at the start of this work, and 
many of the experiment stage components required assembly, alignment, and in some 
cases fabrication by machinists.  This preliminary work was performed as a part time 
student between Sep. 2011 and Jun. 2014.  Once the system was fully functional, the 
system timing calibration was performed between Jul. 2014 and Sep. 2014, with 
preliminary testing also ongoing from Jul. 2014 to Oct. 2014.  A first test measurement 
was made for He in air in Oct. 2014, and the formal data acquisition for all results 
presented below occurred between Feb. 2015 and Oct. 2015, after which the 
accelerator was decommissioned.  All experimental results from this data acquisition 
are presented below.  We begin this section by discussing our method of system 
calibration, continue with a discussion of all results obtained using H+ and D+ projectiles, 
and conclude with a discussion of the results obtained using He+ projectiles.  
4.1 System Calibration using He+ in N2 gas 
 Before attempting to measure stopping cross sections for the more difficult 
cases, the first priority was to determine whether our system was capable of producing 
accurate and reliable measurements.  We elected to first measure the stopping cross 
section of He+ in N2 gas, because this interaction has several desirable characteristics.  
First, the magnitude of the stopping cross section is large (~12 eV-cm2/1015 atoms) in 
our energy range of interest.  This provides for a large energy loss, so that we may 
expect to minimize the relative uncertainty of our result.  Second, this interaction is 
supported by a large number of experimental results, all of which agree extremely well 
over the range of energies between 20 keV/u and 2 MeV/u.  This gives confidence that 
the interaction is well-characterized by the experimental data.  Third, there is one 
publication by Ormrod, 1968 [47], which provides data between 2.5 – 23 keV/u that we 







This data set agrees with the one available data point at 10 keV/u from Fukuda, 1981 
[48], and also overlaps sufficiently with several data sets above 20 keV.  As may be 
expected from a semi-empirical code, the results of SRIM [20] agree very well with this 
highly consistent data set, although SRIM predicts a stopping cross section slightly 
higher than that reported by Ormrod, 1968, with results differing by 17% at the lowest 
measured energy of 2.5 keV/u.  Despite this minor deviation, the interaction of He+ in N2 
gas provides a good set of previous measurements with which to confirm that our 
system is properly calibrated. 
 All of the following figures show the stopping cross section in eV-cm2/1015 atoms 
versus energy in keV/u.  All of the following figures show the electronic and nuclear 
components of the total stopping cross section according to SRIM [20], where the 
nuclear stopping component is shown as an orange line, the electronic stopping 
component is shown as a blue line, and the total stopping cross section is shown as a 
dashed black line.  All experimental data prior to 1970 is plotted using a diamond 
shaped mar er, data from the 1970’s is plotted using a circular mar er, data from the 
1980’s is plotted using a square mar er, and data after 1990 is plotted using a triangular 
marker.  The data source represented by each colored marker is identified in a legend 
on the right hand side of each figure. 
 All of the measurements obtained in the current work are plotted using red 
diamonds, and are the only experimental data which show error bars.  Two sets of error 
bars are shown for each measurement.  Red error bars indicate the standard deviation 
of the statistical uncertainty obtained through direct measurement of the energy loss.  In 
an attempt to illustrate the total possible error in our measurement, we combined the 
statistical and systematic errors arithmetically when displayed in the following figures.  
Green error bars therefore include contributions from both statistical and systematic 
sources of uncertainty. 
 Figure 4.1 shows the measurements obtained in the current work for 3.7 – 5.2 
keV/u He+ in N2 gas.  The results of the current work agree with the results of SRIM very 
well, and the statistical and systematic uncertainties for each of the six measurements 
obtained are small.  The relative statistical uncertainties range from 1.5 – 2.8%, and the 








Figure 4.1 Stopping cross section of He+ in N2 gas 
 
 Figure 4.2 shows only a portion of the energy range depicted in Figure 4.1, 
focused on the measurements obtained in the current work.  Since the relative statistical 
uncertainties are very small for these measurements, the systematic uncertainties are 
significant, and the green error bars are therefore clearly distinguishable from the red 
error bars.  The quantitative difference between the two sets of error bars is less 
obvious for measurements which have higher statistical uncertainty 
 The six measurements obtained in the current work are slightly higher than the 
total stopping cross section as reported by SRIM.  There is only one other previous 
measurement available in this energy range as reported by Ormrod, 1968, and this 
measurement agrees with the results of the current work to within less than 20% at 5 
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Figure 4.2 Low energy stopping cross section of He+ in N2 gas 
 
 Table 4.1 shows a summary of the data accumulated for this interaction, along 
with the calculated results and uncertainties.  The first column simply lists an index 
number for each measurement, and the table is arranged in order of increasing average 
energy.  The column titled “ ressure” lists the mean and standard deviation of the target 
gas pressure for each of the six measurements obtained in the current work.  The 
pressure sometimes varied over the time required to complete ten measurements for 
each data point, although some measurements were recorded during which the target 
pressure remained invariant throughout the set of 10 trials, and these cases show a 
pressure sigma equal to zero (such as measurement No. 4 in Table 4.1).  The 
maximum standard deviation observed for the target pressure in Table 4.1 is 0.0010 
Torr.  However, the uncertainty in our knowledge of the pressure is never less than the 
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1 Torr during all measurements.  Therefore, the variation in the pressure reading is only 
relevant if it exceeds 0.0025 Torr.  Because the measured pressure always varies by 
less than this amount, the value of 0.0025 Torr is used as the pressure uncertainty in all 
relevant uncertainty calculations in the current work. 
 




 We note that the target gas pressure used for this case was sometimes lower 
than the nominal setting of 0.13 Torr.  Since the magnitude of the stopping cross section 
for N2 gas is higher than all other target gases used in the current work, the rate at 
which data could be accumulated was observed to decrease significantly.  For the case 
of measurement No. 1 listed in Table 4.1, the count rate at the detector was insufficient 
to overcome the accumulation of background noise using the nominal target pressure of 
0.13 Torr.  In order to gather data in a sufficiently short period of time, the gas target 
pressure was reduced in order to improve the count rate at the MCP detector.  The 
average target pressure of 0.1088 Torr is the lowest average target pressure recorded 
for all measurements reported in the current work, and only one other measurement 
was recorded using an average pressure less than 0.12 Torr, also involving N2 as the 
target gas (an average target pressure of 0.1166 Torr was recorded for one 
measurement made using 10.1 keV/u H+ in N2 gas). 
 The column titled “Temp” lists the mean of the 10 temperature measurements 


















1 0.1088 ± 0.0010 78.0 500 3.670 ± 0.005 0.1% 10.76 ± 0.30 2.8% 0.39 3.6%
2 0.1235 ± 0.0016 76.0 500 3.977 ± 0.008 0.2% 11.41 ± 0.22 1.9% 0.39 3.5%
3 0.1252 ± 0.0002 76.0 500 4.316 ± 0.009 0.2% 11.86 ± 0.23 1.9% 0.41 3.4%
4 0.1322 ± 0.0000 75.0 500 4.597 ± 0.004 0.1% 11.91 ± 0.18 1.5% 0.40 3.4%
5 0.1202 ± 0.0002 76.0 500 4.908 ± 0.006 0.1% 12.57 ± 0.24 1.9% 0.44 3.5%
6 0.1281 ± 0.0003 75.0 500 5.223 ± 0.008 0.1% 12.84 ± 0.30 2.4% 0.44 3.4%
Pressure               
(Torr)
Average Energy                
(keV/u)













set of ten trials performed for each measurement, therefore no standard deviation is 
listed for this quantity. 
 The column titled “TAC Range” lists the range setting of the Time to  mplitude 
converter, and dictates the calibration constants used to convert the channel number of 
the peak recorded in the Maestro software into a calibrated time, as given in Table 3.3. 
 The column titled “Average Energy” lists the arithmetic mean of the initial and 
final projectile energies, along with the 1-sigma standard deviation of this quantity.  The 
relative uncertainty of the average energy was between 0.1 – 0.2%. 
 The column titled “Stopping Cross Section” lists all of the statistics associated 
with the measured stopping cross section.  The mean is listed for each measurement, 
along with two measures of the calculated uncertainty in this quantity. 
 The columns titled “Stat. Uncert.”  and “ elative Stat. Uncert.” list the statistical 
uncertainty of the stopping cross section as calculated from the 1-sigma standard 
deviation for each set of 10 trials, without including any components of the known 
systematic uncertainties. 
 The columns titled “Sys. Uncert.” and “ elative Sys. Uncert.” list the systematic 
uncertainty components added as described above, including the systematic uncertainty 
in the distance of the detector travel, the pressure, temperature, and length of the target 
gas.  The relative systematic uncertainty was between 3.4 – 3.6% for all measurements 
made in the current work. 
 Given that this set of measurements has low uncertainty, and that it agrees well 
with the data from SRIM and is in reasonable agreement with the only experimental 
measurement available at 5 keV/u, we expect that our system produces accurate 
stopping cross section measurements. 
 Figure 4.3 shows a small portion of the range depicted in Figure 4.2, and with 
each of the individual measurements plotted as light blue circles.  Ten individual 
measurements can be seen for each of the six final results provided for He+ in N2 gas.  
The arithmetic mean of each set of measurements is plotted as a red diamond, and the 










Figure 4.3 Uncertainties of all individual measurements 
 
4.2 H+ and D+ in He, N2, and Ne gases 
 We continue by discussing the results of stopping cross section measurements 
using H+ and D+ in three gases – He, N2, and Ne.  Since both H+ and D+ have the same 
electronic structure, we use these isotopes interchangeably to interrogate the electronic 
stopping cross section of the three target gases.  In the production of H+ and D+ ion 
beams, several molecular species are commonly available as well, and they are 
extremely useful for lowering the energy of each individual atom.  Both Hydrogen and 





+), and can be directed toward the gas target with proper adjustment of 
the analyzing magnet.  If the extraction potential is 20 kV, for example, each atom in a 
molecule of H2
+ will acquire only half the energy of an isolated H+ atom accelerated by 
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atom in a molecule of H3
+ will have only one third of the energy of an isolated H+ atom 
accelerated by this same extraction potential.  The molecular bonds are easily broken 
upon interaction with the target gas, which effectively results in a beam of atoms that 
interact with the target at a fraction of the extraction potential.  The use of D+ molecules 
(D2
+ and D3
+) reduces the energy by another factor of two due to the extra neutron in 
each of the atoms.  Therefore, since the minimum extraction potential achieved in the 
current work is 14.6 kV, we are able to achieve a minimum energy of only one sixth of 
this potential (2.4 keV/u) when using a beam of D3
+ molecules. 
 Figure 4.4 shows the measurements obtained in the current work for 2.4 – 21.5 
keV/u H+ and D+ in He gas, using several molecular species, as appropriate. 
 
 
Figure 4.4 Stopping cross section of H+ and D+ in He gas 
 
 The results of the current work agree well with the results of SRIM, the results of 
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these experimental works are influential in the estimates produced by SRIM, it follows 
that the results of SRIM represent these measurements very closely.  The 
measurements obtained for H+ and D+ in He gas span the largest energy range of any 
data set in the current work, include its lowest energy measurement, and also feature its 
largest uncertainties.  The relative statistical uncertainties range from 4.5 – 50%, and 
the relative total uncertainties range from 7.9 – 53%, with the larger uncertainties 
attributed to the lowest energy measurements where the magnitude of the stopping 
cross section is small. 
 Figure 4.5 shows only the lower portion of the energy range depicted in Figure 
4.4, and plotted in log-log format, with lines of velocity proportionality indicated by thin 
gray lines.  This enables us to clearly identify the threshold effect, given by low energy 
regions in which the stopping cross section is not proportional to projectile velocity. 
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 It is clear that a threshold effect is present, as the stopping cross section can be 
observed to decrease dramatically at energies below 20 keV/u, deviating noticeably 
from velocity proportionality.  Although the presence of a threshold effect is evident in all 
of the experimental measurements made for this interaction below 20 keV/u, we note 
that the results of Raiola et al., 2001, clearly indicate a lower stopping cross section 
than the other available data in the limit of low energy.  For the lowest energy point 
measured by Raiola et al., at 5 keV/u, the difference between the stopping cross section 
measured in the current work and that measured by Raiola et al. is over a factor of 20.  
The magnitude of the stopping cross section at this very low energy as reported by 
Raiola et al. is even smaller than the nuclear stopping component estimated by SRIM. 
 Our confidence in the characterization of the threshold effect for this interaction is 
increased as a result of the measurements made in the current work.  Although two 
previous sets of measurements had been published by the research group in Linz which 
agree with each other well [25] [27], the measurements reported by the research group 
in Bochum cast some doubt that this effect was well-characterized [29].  The current 
work has provided an independent measurement of the threshold effect for the stopping 
cross section of H+ in He gas, and the preponderance of evidence leads us to the 
conclusion that the threshold effect is indeed well-characterized by both the 
measurements reported in the current work, as well as the data reported by the 
research group in Linz. 
 In addition to providing an independent set of measurements to characterize the 
threshold effect, the results of the current work also provide the lowest energy  
measurement of the stopping cross section for this interaction, reaching the nuclear 
stopping regime.  Figure 4.6 shows an even smaller portion of the energy range, 
focused on the limit of low energy measurements, and featuring several measurements 
made at 3 keV/u or below. 
 In an attempt to detect the effect of nuclear stopping at low energies, several 
measurements were made for this interaction using projectiles with energy of 3 keV/u or 
below, with a minimum of 2.4 keV/u.  This represents the low energy limit of the 
experimental apparatus used in the current work, and measurements below this energy 







the electronic stopping component for most projectile-target pairs, the presence of the 
threshold effect for H+ in He diminishes the electronic stopping component dramatically, 




Figure 4.6 Semi-log plot of nuclear stopping region of H+ and D+ in He gas 
 
 Although the lowest energy measurements made in the current work have high 
relative uncertainties, we can see that the magnitude of the stopping cross section at 
very low energy does not decrease in concert with the electronic stopping component 
as predicted by SRIM, and appears to exhibit a trend which can be explained by the 
presence of a nuclear stopping component. 
 Figure 4.7 shows a linear scale plot of the low energy limit shown in Figure 4.6.  
Here, the difference between the low energy measurements made in the current work 
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 Table 4.2 shows a summary of the data accumulated for this interaction, along 
with the calculated results and uncertainties.  The relative uncertainty of the average 
energy was between 0.1 – 0.2%.  The highest uncertainty measurement made in the 
current work is contained in this set of measurements, with a relative statistical 
uncertainty of 50% reported for the lowest energy measurement at 2.4 keV/u. 
 This high relative uncertainty is attributed to both the very low magnitude of the 
stopping cross section for this interaction, and the low count rate recorded at the MCP 
detector at the limits of our experimental capability.  It can be seen that the relative 
uncertainties are much smaller for measurements made at higher projectile energies, 
and are in accordance with the system capabilities established during the measurement 
of He+ in N2 gas. 
 





















1 0.1326 ± 0.0008 75.0 1000 2.407 ± 0.004 0.2% 0.46 ± 0.23 50% 0.02 3.4%
2 0.1289 ± 0.0004 75.0 500 2.480 ± 0.003 0.1% 0.84 ± 0.09 11% 0.03 3.4%
3 0.1278 ± 0.0012 75.0 500 2.480 ± 0.006 0.2% 0.66 ± 0.20 30% 0.02 3.4%
4 0.1261 ± 0.0011 75.0 500 2.655 ± 0.004 0.1% 0.57 ± 0.21 36% 0.02 3.4%
5 0.1294 ± 0.0004 75.0 500 2.994 ± 0.007 0.2% 0.78 ± 0.25 32% 0.03 3.4%
6 0.1301 ± 0.0002 75.0 500 3.618 ± 0.003 0.1% 0.63 ± 0.18 29% 0.02 3.4%
7 0.1313 ± 0.0005 75.0 500 4.943 ± 0.014 0.3% 0.98 ± 0.26 27% 0.03 3.4%
8 0.1312 ± 0.0000 75.0 500 5.953 ± 0.007 0.1% 1.44 ± 0.10 7.2% 0.05 3.4%
9 0.1298 ± 0.0004 75.0 500 6.564 ± 0.009 0.1% 1.60 ± 0.15 9.2% 0.05 3.4%
10 0.1290 ± 0.0009 75.0 500 7.430 ± 0.014 0.2% 1.74 ± 0.41 23% 0.06 3.4%
11 0.1292 ± 0.0003 75.0 500 7.958 ± 0.011 0.1% 2.12 ± 0.36 17% 0.07 3.4%
12 0.1277 ± 0.0009 75.0 500 8.947 ± 0.011 0.1% 2.44 ± 0.44 18% 0.08 3.4%
13 0.1268 ± 0.0003 75.0 500 9.871 ± 0.013 0.1% 2.68 ± 0.35 13% 0.09 3.4%
14 0.1278 ± 0.0006 75.0 500 10.826 ± 0.011 0.1% 3.44 ± 0.41 12% 0.12 3.4%
15 0.1307 ± 0.0002 75.0 500 14.708 ± 0.018 0.1% 4.61 ± 0.30 6.4% 0.16 3.4%
16 0.1301 ± 0.0001 75.0 500 17.809 ± 0.015 0.1% 5.13 ± 0.29 5.6% 0.17 3.4%
17 0.1298 ± 0.0006 75.0 500 19.685 ± 0.013 0.1% 5.37 ± 0.24 4.5% 0.18 3.4%
18 0.1306 ± 0.0002 75.0 500 21.518 ± 0.010 0.0% 5.56 ± 0.37 6.6% 0.19 3.4%
Pressure               
(Torr)
Average Energy                  
(keV/u)













 Figure 4.8 shows the measurements obtained in the current work for 3.2 – 20.4 
keV/u H+ and D+ in N2 gas. 
 There are several sets of measurements available for this interaction at energies 
below 20 keV/u, but we must be careful in their analysis.  Two sets of measurements 
were published by Dose and Sele in 1975, and so we must acknowledge that these are 
not wholly independent.  The results published by Ormrod, 1968, agree well with those 
of Dose and Sele, and so it follows that the results of SRIM represent these data 
closely.  The low energy data published by Boergesen et al., 1982, were obtained using 
a solid N2 target, and it is clear that SRIM does not place high confidence in these data. 
 
 
Figure 4.8 Stopping cross section of H+ and D+ in N2 gas 
 
 The results of the current work agree with the measurements of Phillips, 1953, 
Reynolds et al., 1953, and Wolke et al., 1963, all of which show a trend which is higher 
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than Ormrod, 1968, and both works by Dose and Sele, 1975, differing by a maximum of 
35% at ~6.5 keV/u. 
 Figure 4.9 shows only a portion of the energy range depicted in Figure 4.8, 
focused on the measurements obtained in the current work.  All previous data sets 
exhibit significant variation in the low energy limit and for energies nearing the stopping 
cross section maximum. 
 The current work shows the stopping cross section at 3.18 keV/u to be 7.13 eV-
cm2/1015 atoms, while the work of Boergesen et al., 1982 shows it to be 2.18 eV-
cm2/1015 atoms at only a slightly lower energy of 2 keV/u.  Given the large variations 
observed in all experimental data collected below 100 keV/u for this interaction thus far, 
it is clear that additional data are required to characterize the stopping cross section for 
H+ in N2. 
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 Table 4.3 shows a summary of the data accumulated for this interaction, along 
with the calculated results and uncertainties. 
 The relative uncertainty of the average energy was between 0.1 – 0.6%.  The 
relative statistical uncertainty in the measurement of the stopping cross section was 
between 1.1 – 5.1%. 
 




 Figure 4.10 shows the measurements obtained in the current work for 3.4 – 21.3 
keV/u H+ and D+ in Ne gas. 
 Because the electronic structure of the noble gases He and Ne are similar in that 
both have high first ionization potentials, our understanding of the mechanism 
responsible for the threshold effect indicates that we might expect to see a threshold 
effect for H+ in Ne gas, similar to that of the effect already demonstrated for H+ in He 
gas. 
 The difference between the ground state of H and the first ionization potential of 
He was previously stated to be 11.0 eV, whereas the difference between the ground 
state of H and the first ionization potential of Ne is 8.0 eV.  Taking into account the 
kinematic factor related to the conservation of momentum for this inelastic collision 





















1 0.1275 ± 0.0001 75.0 500 3.180 ± 0.018 0.6% 7.13 ± 0.37 5.1% 0.24 3.4%
2 0.1271 ± 0.0004 75.0 500 6.488 ± 0.031 0.5% 9.16 ± 0.40 4.4% 0.31 3.4%
3 0.1297 ± 0.0001 75.0 500 7.049 ± 0.013 0.2% 10.26 ± 0.26 2.6% 0.35 3.4%
4 0.1166 ± 0.0002 75.0 500 10.070 ± 0.019 0.2% 10.84 ± 0.25 2.3% 0.38 3.5%
5 0.1299 ± 0.0002 75.0 200 16.694 ± 0.045 0.3% 13.11 ± 0.63 4.8% 0.45 3.4%
6 0.1292 ± 0.0002 75.0 200 20.434 ± 0.013 0.1% 14.02 ± 0.16 1.1% 0.48 3.4%
Pressure               
(Torr)
Average Energy                  
(keV/u)
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 Figure 4.11 shows only the lower portion of the energy range depicted in Figure 




Figure 4.11 Low energy stopping cross section of H+ and D+ in Ne gas 
 
 The stopping cross section for this interaction at low energy is still mostly 
undetermined, as only one set of data was previously available for energies below 40 
keV/u.  The current work provides the lowest energy measurements of the stopping 
cross section for this interaction, with two measurements below 3.6 keV/u.  Although the 
measurements made by Schiefermüller et al., 1993, include only three measurements 
between 4 – 14 keV/u, the results from SRIM predict a small but noticeable deviation 
from velocity proportionality in the region below 15 keV/u.  The current work also 
indicates a departure from velocity proportionality in the low energy limit, although the 
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 Interestingly, both the measurement obtained in the current work at 7 keV/u and 
the measurement reported by Schiefermüller et al. at this same energy exhibit a slight 
increase in stopping cross section when compared to neighboring measurements.  The 
theoretical treatment by Schiwietz and Grande, discussed in relation to Figure 2.12, 
shows that such a deviation might be expected for energies near 10 – 20 keV/u, 
separate from the threshold effect.  Indeed, the results of SRIM also indicate a slight 
elevation in the expected stopping cross section in the region near 20 keV/u when 
compared to the purely velocity proportional response indicated by the gray lines.  Since 
there are so few experimental data, our confidence in these features is low.  Therefore, 
it may be worthwhile to focus future measurements within this energy range in order to 
improve confidence in the experimental data, and determine if there is a notable 
deviation with features as predicted by Schiwietz and Grande. 
 Table 4.4 shows a summary of the data accumulated for this interaction, along 
with the calculated results and uncertainties.  The relative uncertainty of the average 
energy was between 0.1 – 0.3%.  The relative statistical uncertainty in the stopping 
cross section was between 2.7 – 9.2%. 
 




4.3 He+ in H2, He, and Ne gases 
 We continue by discussing the results of stopping cross section measurements 


















1 0.1274 ± 0.0002 75.0 500 3.439 ± 0.004 0.1% 2.45 ± 0.12 5.1% 0.08 3.4%
2 0.1283 ± 0.0003 75.0 500 3.574 ± 0.005 0.2% 2.58 ± 0.19 7.4% 0.09 3.4%
3 0.1256 ± 0.0001 75.0 500 5.170 ± 0.013 0.2% 3.46 ± 0.20 5.8% 0.12 3.4%
4 0.1311 ± 0.0002 75.0 500 7.064 ± 0.019 0.3% 4.66 ± 0.43 9.2% 0.16 3.4%
5 0.1284 ± 0.0000 75.0 500 15.687 ± 0.027 0.2% 6.96 ± 0.59 8.5% 0.24 3.4%
6 0.1294 ± 0.0004 75.0 200 21.340 ± 0.014 0.1% 8.08 ± 0.22 2.7% 0.28 3.4%
Pressure               
(Torr)
Average Energy                 
(keV/u)













can be assumed that the only isotope in the beam is 4He+, and that no molecular 
species are available. 
 Figure 4.12 shows the measurements obtained in the current work for 3.7 – 5.4 
keV/u He+ in H2 gas.  The results of the current work provide the lowest energy 
measurements of this interaction produced to date.  The previous low energy limit was 
provided at 10 keV/u by Cuevas et al., 1964. 
 
 
Figure 4.12 Stopping cross section of He+ in H2 gas 
 
 The experimental data available for this interaction are consistent, with only few 
exceptions.  The largest degree of variation can be found near the stopping maximum, 
exhibiting deviations on the order of only 10%.  Although the available data are not 
lacking in experimental consistency, our work was able to provide an experimental 
anchor point in the low energy extreme.  Figure 4.13 shows only a portion of the energy 
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 The measurements obtained in the current work agree well with SRIM results.  
We note that although the interaction of H+ in He gas exhibits a threshold effect, the 
same effect is not present, nor is it expected, for the case of He+ in H2 gas. 
 Table 4.5 shows a summary of the data accumulated for this interaction, along 
with the calculated results and uncertainties.  The relative uncertainty of the average 
energy was less than 0.2%.  The relative statistical uncertainty in the measurement of 
the stopping cross section was between 2.8 – 7.3%. 
 
Table 4.5 Measurements using He+ in H2 gas 
 
 
 Figure 4.14 shows the results obtained in the current work for 3.8 – 5.4 keV/u 
He+ in He gas.  The set of available experimental data for this interaction are largely 
consistent, with few exceptions.  The measurements provided by Huebner and Skolil, 
1972, appear to exhibit an offset in the observed projectile energy, although they may 
otherwise agree in magnitude and with the general trend of the stopping cross section 
curve. 
 Only one set of experimental measurements was previously available below 20 
keV/u, provided by Golser and Semrad, 1991 [25].  These data report the stopping 
cross section for projectile energies between 2.2 – 3.9 keV/u, and exhibit a higher 
magnitude than the results of SRIM in this energy range.  The values plotted for these 


















1 0.1317 ± 0.0001 77.0 500 3.713 ± 0.006 0.2% 2.72 ± 0.16 6.1% 0.09 3.4%
2 0.1314 ± 0.0001 77.0 500 3.959 ± 0.002 0.0% 2.51 ± 0.09 3.5% 0.09 3.4%
3 0.1308 ± 0.0001 77.0 500 4.228 ± 0.004 0.1% 2.95 ± 0.21 7.1% 0.10 3.4%
4 0.1338 ± 0.0000 77.0 500 4.472 ± 0.002 0.0% 2.86 ± 0.08 2.8% 0.10 3.4%
5 0.1316 ± 0.0001 77.0 500 4.701 ± 0.003 0.1% 2.90 ± 0.19 6.7% 0.10 3.4%
6 0.1319 ± 0.0001 77.0 500 4.946 ± 0.003 0.1% 2.85 ± 0.12 4.4% 0.10 3.4%
7 0.1323 ± 0.0001 77.0 500 5.212 ± 0.010 0.2% 3.25 ± 0.24 7.3% 0.11 3.4%
8 0.1310 ± 0.0001 77.0 500 5.421 ± 0.008 0.2% 2.88 ± 0.21 7.3% 0.10 3.4%
Pressure               
(Torr)
Average Energy                
(keV/u)













this data set was inadvertently omitted in the compilations of Paul [30], and the original 
data could not be obtained from the authors. 
 
 
Figure 4.14 Stopping cross section of He+ in He gas 
 
 The data obtained in the current work provide an independent measurement for 
this interaction in the low energy limit, exhibiting magnitudes which are lower than those 
of Golser and Semrad, and higher than the results of SRIM.   
 Figure 4.15 shows only a portion of the energy range depicted in Figure 4.14, 
focused on the measurements obtained in the current work.  We note that the 
measurements in the current work provide a small overlap in energy when compared 
with the data from Golser and Semrad, 1991. 
 Since both of these low energy data sets indicate a larger stopping cross section 
than is currently produced by SRIM, we deduce that the results for this interaction in the 
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by the observation that the available data in the energy range 20 – 80 keV/u do not 
agree exactly, and there are still relatively few data to guide the low energy estimates of 
a semi-empirical simulation.  For example, even if the measurement at ~22 keV/u 
provided by Huebner and Skolil, 1972, is excluded due to the apparent offset in energy 
for that set of data, the remaining two measurements near 23 keV/u provided by 
Baumgart et al., 1983, and Besenbacher et al., 1979, still vary by ~26%. 
 
 
Figure 4.15 Low energy stopping cross section of He+ in He gas 
 
 More experimental data are clearly required for energies between 5 – 20 keV/u in 
order to more fully characterize the stopping cross section for this interaction, although 
there now exist two sets of experimental measurements which show satisfactory 
agreement with an overlap in energy measurements at 3.8 keV/u.  These independent 
data sets can therefore be used to anchor the expected behavior for this interaction in 
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 Table 4.6 shows a summary of the data accumulated for this interaction, along 
with the calculated results and uncertainties.  The relative uncertainty of the average 
energy was between 0.1 – 0.2%.  The relative statistical uncertainty in the measurement 
of the stopping cross section was between 5.6 – 14%. 
 
Table 4.6 Measurements using He+ in He gas 
 
 
 Figure 4.16 shows the measurements obtained in the current work for 3.8 – 5.4 
keV/u He+ in Ne gas. 
 The previously available experimental data for this interaction are mostly 
consistent, with few exceptions.  The lowest energy measurement available prior to the 
current work was provided by Fukuda, 1999, which was at 18 keV/u.  However, this 
data set also exhibits a high variation in its higher energy measurements, differing with 
SRIM results by over 30% at 65 keV/u. 
 The measurements obtained in the current work provide the only experimental 
data for this interaction below 10 keV/u, providing the lowest energy measurement 
currently available for this interaction at 3.8 keV/u.  These measurements exhibit 




















1 0.1318 ± 0.0000 77.0 500 3.804 ± 0.005 0.1% 3.85 ± 0.26 6.7% 0.13 3.4%
2 0.1285 ± 0.0002 76.0 500 3.995 ± 0.006 0.1% 3.83 ± 0.39 10% 0.13 3.4%
3 0.1280 ± 0.0006 78.0 500 4.186 ± 0.004 0.1% 3.84 ± 0.31 8.2% 0.13 3.4%
4 0.1282 ± 0.0002 76.0 500 4.405 ± 0.005 0.1% 4.13 ± 0.38 9.3% 0.14 3.4%
5 0.1277 ± 0.0010 77.0 500 4.653 ± 0.006 0.1% 3.90 ± 0.33 8.5% 0.13 3.4%
6 0.1299 ± 0.0002 78.0 500 4.922 ± 0.011 0.2% 4.45 ± 0.26 5.7% 0.15 3.4%
7 0.1346 ± 0.0002 77.0 500 5.096 ± 0.006 0.1% 4.55 ± 0.37 8.0% 0.15 3.4%
8 0.1321 ± 0.0001 77.0 500 5.263 ± 0.003 0.1% 4.56 ± 0.26 5.6% 0.15 3.4%
9 0.1309 ± 0.0003 78.0 500 5.426 ± 0.011 0.2% 4.71 ± 0.66 14% 0.16 3.4%
Pressure               
(Torr)
Average Energy                
(keV/u)
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 Figure 4.17 shows only a portion of the energy range depicted in Figure 4.16, 
focused on the measurements obtained in the current work.  
 It is notable to mention that the current work exhibits lower mean values of the 
total stopping cross section when compared to only the electronic stopping cross 
section component of SRIM, for all 11 measurements made.  Although the current work 
provides the only available set of measurements for this interaction at this low energy, 
we expect that the semi-empirical results for this interaction in the low energy limit 
require an adjustment to a slightly lower magnitude. 
 
 
Figure 4.17 Low energy stopping cross section of He+ in Ne gas 
 
 Table 4.7 shows a summary of the data accumulated for this interaction, along 
with the calculated results and uncertainties.  The relative uncertainty of the average 
energy was between 0.1 – 0.3%.  The relative statistical uncertainty in the measurement 
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Table 4.7 Measurements using He+ in Ne gas 
 
 
 This concludes the presentation of results obtained in the current work, featuring 
all measurements made between Feb. 2015 and Oct. 2015 involving the stopping 
interaction between atomic and molecular H+ and D+ species in He, N2, and Ne gases, 
and the stopping interaction between He+ in H2, He, N2, and Ne gases.  No further 
measurements will be made at the Colorado School of Mines with the system used in 
the current work, as the system has been decommissioned as of Dec. 2015, and is 
being transferred to the South Dakota School of Mines for further use in atomic and 




















1 0.1324 ± 0.0001 80.0 500 3.771 ± 0.005 0.1% 7.55 ± 0.39 5.1% 0.26 3.4%
2 0.1297 ± 0.0002 79.0 500 4.028 ± 0.006 0.1% 7.64 ± 0.27 3.6% 0.26 3.4%
3 0.1303 ± 0.0001 79.0 500 4.289 ± 0.005 0.1% 8.13 ± 0.36 4.4% 0.28 3.4%
4 0.1283 ± 0.0001 78.0 500 4.440 ± 0.007 0.2% 7.89 ± 0.63 8.0% 0.27 3.4%
5 0.1312 ± 0.0002 78.0 500 4.608 ± 0.014 0.3% 8.73 ± 0.72 8.2% 0.30 3.4%
6 0.1273 ± 0.0001 78.0 500 4.784 ± 0.007 0.2% 8.64 ± 0.45 5.2% 0.30 3.4%
7 0.1314 ± 0.0001 78.0 500 4.862 ± 0.008 0.2% 8.30 ± 0.45 5.4% 0.28 3.4%
8 0.1317 ± 0.0001 78.0 500 4.935 ± 0.009 0.2% 7.95 ± 0.65 8.2% 0.27 3.4%
9 0.1312 ± 0.0001 78.0 500 5.041 ± 0.013 0.3% 8.93 ± 0.51 5.7% 0.30 3.4%
10 0.1328 ± 0.0001 78.0 500 5.153 ± 0.011 0.2% 8.67 ± 0.45 5.2% 0.29 3.4%
11 0.1303 ± 0.0002 78.0 500 5.375 ± 0.009 0.2% 9.36 ± 0.50 5.4% 0.32 3.4%
Pressure               
(Torr)
Average Energy                  
(keV/u)















SUMMARY AND CONCLUSIONS 
 In the completion of the current work, an experimental setup was assembled to 
measure the time of flight of low energy ions, with portions of specialized apparatus 
requiring design and fabrication by machinists.  The accelerator system housed in the 
Physics building at the Colorado School of Mines was reactivated after a long period of 
dormancy, requiring some troubleshooting and repair.  The beam line was then aligned, 
and the instrumentation settings optimized to provide a short pulse of ions traveling 
through a differentially pumped gas target cell, whose energy could be measured 
through the use of an MCP detector mounted on a mobile platform. 
 This time of flight apparatus was calibrated by performing several measurements 
of the stopping cross section of He+ in N2 gas, and comparing these measurements with 
previously established values of the stopping cross section for this interaction.  With 
results found to be sufficiently accurate, the apparatus was then used to measure the 
stopping cross section of several other projectile-target pairs, whose magnitude had not 
yet been determined with sufficient confidence.  The current work provides low energy 
stopping cross section measurements for interactions which were previously measured 
by only a few researchers (H+ and D+ in N2, He
+ in He) featuring the lowest energy data 
available for several target-projectile pairs (H+ and D+ in He, H+ and D+ in Ne, He+ in H2, 
He+ in Ne). 
 In addition to these accomplishments, the primary goal of the current work was 
successfully attained in measuring the magnitude of the threshold effect for H+ and D+ in 
both He and Ne gas, and providing evidence of nuclear stopping for 2.4 keV/u D+ in He 
gas.  The current work provides one of only three experimental measurements of the 
threshold effect of H+ and D+ in He gas, resolving a major discrepancy in the magnitude 
of the previous two measurements, and it also provides one of only two measurements 
of the weaker threshold effect exhibited by H+ and D+ in Ne gas. 
 The apparatus exhibited limitations due to the space into which it was mounted, 







This arrangement enabled the accelerated ions to diverge from the beam centerline 
through Coulombic repulsion, and reduced the overall current available in the target cell, 
diminishing the count rate available at the detector for low beam energies.  In order to 
preserve the beam current from the acceleration stage into the target cell, a shorter 
beam line is desired along with additional focusing elements.  These modifications could 
result in sufficient count rates at the detector in the low energy limit, providing an 
opportunity to more definitively measure the nuclear stopping component. 
 Although the scope of the current work was limited to analysis of the magnitude 
of the stopping cross section for several atomic interactions, it should be noted that the 
data gathered for each interaction also include information necessary for the evaluation 
of energy straggling.  The characteristics of the interactions studied here can be further 
understood by analysis of the changes in the peak widths recorded by the Maestro 
software, revealing the broadening of each peak due to interaction with the target gas, 
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